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PREFACE

This project was carried out between December 11, 1956
and April 18, 1957 under Contract No. 1441,--001-92 between the
U. S. De~rtment of the Interior, office of Saline Water and Louis
Koenig - Research.

A large number of com~nies and individuals have freely
coo,psrated in supplying information on detiil.s of the diverse
technologies encompassed in the report. Nlost of them are mentioned
in the references and the opportunity is taken here to express the
author’s gmtitude to each M them for their help.

In a reconnaissance work of this nature touching on so
many technological fields one must expect to find errors of factj
computation or Judgement. The author will “begrateful for any such
errors called to his attention.

Taking the Mmader view, the purpose of the entire report
is to provide an orientation and to stimulate thinking and dis-
cussion on the subject of waste disposal for saline water conver-
sion plan%. This work therefore should not be looked upon as the
final answer on the subject but only the opening statement.



FOREWORD

This is the twentieth of a series of reports designed
to present accounts of progress on saline water conversion with
the ex~ctation that the-exchange of such data will contribute to
the long-range development of economical processes applicable to
large-scale, low-cost deminemlization of sea or other saline water.

Except for minor editing, the data herein are as con-
tiined in the final report submitted by Louis Koenig - Research
under Contract No. 14-01-001-92 which has been accepted as fulfill-
ing the provisions of that contmct. The da~ and conclusions
given in this report are essentially those of the Contractor and
are not necessarily endorsed by the Department of the Interior.



TARLE OF CONT~S

PREFACE

TABLE OF CONTENTS

CHAPTER 1 - INTRODUCTI(Xl

CHAPTER 2 - SUMMARY

Operations

Processes

CHAPTER 3 - REX(NIMENDATIONS

I - Extension to all Conditions

11 - Major Cost Reduction

111 - Cost.of Conveying Water

Iv - GeographicAreas of Application

v - Refinements

CHAPTER 4 - OPERATION: ~ONVEYANCE

Cost of PipeliningLiquids

References

CHAPTER5 - OPERATI(N: EVAPORATION

Operating Experience

InvestmentCost for Earthen Tanks

OperatingCosts for Evaporation

Brine EvaporationRates in the U. S.

References

CHAPTER 6 - OPERATION: IN~TI(XJ

Current Practice

InvestmentCost of InjectionWells

OperatingCost of Injection

The Capacity of Underground Storage

References

i

ii

2-5

2-6

3-1

3-2

3-2

3-4

3-5

4-4

4-14

5-1

5-2

5-9

5-14

5-23

&l

6-2

610

614

&17



iii

CHAPTER 7 - OPERATIONS:LAND DUMP, ABANCIONING,SEA DISCHARGE

Land Dumping

Abandoning

Sea Discharge

References

CHAPTER 8- OPERATION: DISCHARGE TO FLOODING STREAMS

References

CHAPTER 9- PR~ESS I: CONVEY TO THE SEA

CHA~ER 10 - PRW>ESS 11: EVAPORATE TO SATURATIONAND
CONVEY TO THE SEA

CHAPTER 11 - PROCESS 111: EVAPORATETO DRYNESS AND
CONVEY TO THE SEA

CHAPTER 12 - PROCESS IV: CONVEY AND LAND DUMP

CHAPTER 13 - PR~ESS V: EVAPORATETO SATURATION AND
CONVEY TO A LAND DUMP

CHAPTER 14 - PRKESS VI: EVAPORATETO DRYNESS AND
CONVEY TO A LAND DUMP

CHAPTER 15 - PRKESS VII: ABANDON

CHAPTER 16.. PROCESS VIII: INJKT

CHAPTER 17 . PR~ESS IX: EVAPORATE AND INJECT

CHAPTER 18- PROCESS X: CONVEY AND INJECT

CHAPTER 19 . PROCESS XI: EVAPORATE TO SATURATION,
CONVEY, AND INJECT

CHAPTER 20- PR~ESS XII: DISCHARGE TO FLOODING STREAMS

CHAPTER 21 . USEFUL BY-PRODUCTS

7-1

7-7

7-0

7.9

&1

fL6

9-1

10-1

11-1

12-1

13-1

14-1

15-1

16-1

17-1

l&l

19-1

20-1

21-1

“



CHAPTER 1

lTITROLIUCT1’ON

Purposes - Fringe Areas - Ultimate Disposal A
. Proc@sses Considered - Procluct-to-WasteRatios =

References

.

This report constitutes a preliminary explorationof em of
dis~osinu of waste salts, Usuallv in the form of brine, resulting from ~~e co~=

the Prob

ver;ion ;f saline waters”to fresi water. % far as known, this is the first
tillemptthat has b~en made to assay the order Of magnitude of these waste disposal.
costs. AS a first attempt the result is definitely intended as a birdvs-eye view
which will allow selection of favorable areas for more intensive study. The cost
estimates are of a “huddle” estimate type, usually a one man huddle. At the same
time it was desired to present a general method by which the technical and economic
aspects of any particular disposal method could he worked out. For that reason
the report contains a number Of c.orrelatinnsallowing extrapolation~nd interpola.
lion which would nut,ordinarily be found in cost estimating for a sp~cific proce$s
or a specific location.

Purposes The purpose of undertaking this study at the present time was to
provide an economic as well as a research and engineering guide.
Prim to this study the costs of waste disposal for t,lIesaline

wat,erconversion processes were unknown even in general magnitude. Thus, the
various cost estimates for converted water lacked an essential element of total
cost which might indeed prove even greater than, in fact much greater than, t~~e
cost of conversion itself. Obviously, economic judgments cannot be made except
cm the basis of total costs.

Secondly, it was not known whether the waste c!isposalproblem in
saline water conversionwas unique, particularlywith regard to magnitude. For
example, th~ conversion of two gallons of water approximatingthe compositionof
sea water to one”gallon of fresh water calls for the disposal,of abol]thalf a
pound of salts. Supplying the water for a small city of 20,000 would on this
basis require the disposal of 75 tons of salt per day, It was not known whether
the sheer magnitude of such a disposal problem made disposal unfeasihl.e.

.
Third, disposal costs and problems can have a direct influ~nce on the

guidance of research and engineering in the followingway. Costs for the various
presently favored processes have been calculated not including disposal costs.

. Addition of disposal costs will, of course, increase the per thousand gallon cost
for all processes. However, it will not increase all equnlly for some processes
produce less waste per unit of product than others. If disposal costs per
thousand ~allons of waste are quite high then those processes with low ratios of
waste to product will he favored.

k“inally,the planning of waste disposal measures concurrentlywith the
development of the process constitutescurrently recommended good practice in
process development.



Fringe
Areas

tic solutions.

The intention of the current study was to list all the methods oi
disposal for saline water conversionwastes. This of course is not
to be taken literally. At any given stape of the art one unbound
by technical or economic necessitiescan always conceive of fantas-
Toward the present problem three actual examples will suffice.

It has been suggested that any wzste material can now with the nuclear
arts be transmuted into other materials which are useful or less harmful,

The earth satellite provides a ha~dy solution for a number of worldly
problems and gives rise to another suggestion that waste materials could be
rocketed off into outer space.

Several people have suggested for saline water conversionwastes that
they be “’incinerated”and dispersed in the air. While this possibility is in-
teresting from the standpoint of providing not only cloud seeding nuclei but also
the water to form the clouds it probably can most gracefullybe disposed of on
the basis of cost and of substitutingan air pollution menace for a water pollu-
tion menace.

Ideas of the above categorieson the fanciful periphery of technology
are not harnessed by calculations in this report. Unfortunately the nature of
the problem and particularly its projc;tion into the future makes it difficult
to state whether some proposed solutions are inside of or outside of this peri-
phery.

Ultimate
Disposal

Il.

l).

,

Disposal of saline water conversionwastes is a problem quite
distinct from the usual problem of waste disposal and is in a
category with only a few other types of waste. The majority of
waste disposal operations consist of either:

converting a waste material into a useful or harmless material
and discharging the harmless residues to water bodies or ground
water, or

withdrawing and concentratingthe harmful portion of the waste
so that it is more economically amenable to ultimate disposal,
and releasing the harmless residue to water bodies or ground
water.

Sewage iS probably in volume the largest waste disposal operation in the
United States. Its disposal involves both of the aspects cited above. Sewage,
containing incidentally997 parts of water for every 3 parts of other materials,
is treated so that the obnoxious materials are for the most part changed to in-
offensive materials such as C02 water and other simple compounds. The irreduc-
ible minimum of solids residual from this treatment are in such a small volume
that they can be disposed of by segregationand abandonmentor even in some cases
sold as a useful product, soil conditioner,where their obnoxious properties be-
come useful properties.

Saline water conversionwastes however are in a quite different category
along with oil well brines and radioactivewastes. There is no way that they can
be reduced to simple harmless compounds because they already are the simplest of
inorganiccompounds. Secondly, there is almost by definition no good way of sep-
arating them from their carrying water so that the water may be reclaimed
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for if there was such a way it would have been used as a saline water conversion
process itself.

Thirdly, the quantities of materials involved are very large. Fourth,
the materials are on the lowest r!.tngof the ladder of economic value, for ex-
ample, sodium chloride, and nothing can be made from them that could not be
maei~cheaper from existing purer deposits of the same material. A single excep-
tion to the la!ter statement will be discussed in one of the subsequentchapters.

Thus wv 6TR faced not.with 8 common wasta discharge problam but with
a problem in ultimate d= on a scale which has not be~n approached before.
Th(}magnit?~de~f=e-~”antities approach the largest currently handled in oil
well brine disposal plants at rather moderate water production capabilities.
If saline watex conversion plants of Mderate size become common in a geographic
area the mag~~itud~of the ultimate disposal problem will be much greater than
any heretofore encountered, Accordingly some processes must kJeconsideredwhich
would seem fantas~ic,judg~dby present-daywaste disposal concepts.

?M)cw$eli ‘J’welweprocesscs have been considered as in the realm of present
Considered interest. ‘Theseprocesses are compounded from eight ~--

J&J.L&.,five final operations and three intermediateoperations.
A graphic presentationof the processes and the operationswhich

make them up toget}]erwith ~he sequence of those operations is presented in
‘rahle1--1. The unit operations are described and defined as follows:

TJj,;::~:”j’; [D+jectingthe WaSteS into under~round strata such that
they are confimd and never again come in contact with human
activity, or if they do so, do it at such a remote date and after
so tmuchdilution with other waters that the effect is not notice-
able.

Lmi) mf~ : Depositing the material on land nreas which w~ll be
forever worthl~ss and not useable in human activity. An example
would be thtiuse of land in remote desert playas and sinks where
thtiJ,nmdis not useablw for agriculture or other human purposes
and from whence neither surface nor underground drainage finds
its way outside.

AHANDQN: The same operation as land dumping except that it is
carried out at the site of an intermediateoperation, specifi-
cally evaporation to dryness,,and done at the plant site.

●

SEA DISCHARGE: Disposal in the Gulf, the ocean or existing
inland salt wat.crbodies, such as Great Salt Lake. Presumably
it will.not be necessary tO barge the material for deep sea

w disposal as the salts are in general already found in sea water.

STREAM DISCHARGE: Discharging the waste into flowing streams
presumably during times of flood flow when the exceeding of
pollution limits may be avoided.

The three intermediateoperationswhich may be utilized prior to the
final operations are defined as follows:



TAIZE 1 - 1

UNIT OPERATIONS

I~ERMEDIATE FINAL

PROCESSES CONVEY EVAPORATE EVAPORATE INJECT ABANDON L~ SEA STREAMS

TO SATN. TO DRYNESS ?IU!M’ DISCHARGE
.- .-

1 x Y

11 Y x z

111 Y

IV x

v Y

VI Y

VII

VIII

Ix

x

x

x

x

x x

Y x

z

x

Y

Y

z

Y

x

x, Y, 7 order of operation



CONVEY: Carrying liquid Qr solid material by pipeline, railroad,
truck, or other means OV@r considerabledi.sx~nces,

EVAPORATFTO SATURATION: Evaporating the waste, here by solar
~vaporation,dOWn to the POint of saturation, in order to con-
centrate it.

EVAPORATETO DRYNESS; ~l?~ mpor~tion until all the water is
removed $~ that the rema~nlng drY solids may be finally disposed
of”

The twelve Profies$es~~Pre~e~t the fOllOWMJ ~o~binationsof these inter-
mediate ond fina~ ~~PQrationsI

obvi01~51yeach process can have but one final operation but it
maY have one or more intermediate0pt5~atiOnS.Not all combina-
tions of these opcratibns are shown? Some of them are physically
impossible. Others, while physicallypossible are only trivially
different from Processes listed, For example, Process XII con-

sisting of digchargin9 to floodinq strEams mi9ht be followed by
a ~rwess XIIT whiE4 would include conveying f’Ol~o~edby dis-
~harg~ to st~~oms. There are no essential differencesbetween

the two not quickly illuminatedby simple addition.

ProcesE 1, Convey The waste to the sea.

Process 11. !iMparate to saturationand convey to the sea.
This provides for the po~SihilitYthnt conveyance to the sea
might be a major cost and t~e~eforean attempt should be made
to”nxIwce it by prior evaporation.

Process 111. Evaporate to dryness
to the sea.

Process IV, Convey the waste to a
be closer than the-sea.

Process V. Evaporate to

Process VI. Evaporate to
a land dump,

ml convey the dry salts

remote land dump, which may

saturationand convey to a land dump.

dryness and convey the dxy salts to

Process VII. Evaporate to dryness and abandon the resulting
dry solids in situ.

Process VIII. Inject the waste directly into underground strata.

Process Ix. Evaporate the waste to saturationso as to reduce the
volume and thus the expense of injection.

Process X. Since the cost of injectionwells is considerable
it might be cheaper to use abandoned oil wells which in general
would involve conveying of the waste to the sites of the
abandoned oil wells,
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Process XI. Evaporation to reduce the volume and save costs both
in conveyance and injection. Evaporationmay be even more indica-
ted when it is necessary to convey.

PROCESS XII. Discharge the material to streams in times of flood.

The next few chapters discuss the physical and economic parameters associ-
ated with the above unit operations usually to arrive at some cost figure dependent
on the selected parameters, The remaining chapters discuss the 12 processes.

Product-to- In considering the economic conclusionsreached in the succeed-
Waste Ratios ing chapters it is necessary to keep in mind how they apply in
for Various the overall cost per thousand gallons of product for saline
Conversion water conversion, The units chosen to express investmentcosts
Processes are $/gallon/day of capability ($/gpd);production costs, $ per

thousand gallons ($/Mg). The volumes of waste chosen for study
are 20, 200, and 2,000 Mgd (thousandgallons per day). This

represents a reasonable illustrativerange for our purposes.

However, both the volumes and the cost figures apply to waste rather
than product. If a disposal process has an investmentcost of $0.12/gpd and an
operating cost of $0.04/Mg then waste disposal adds those figures to the gpd and
Mg costs of the conversion process only if that conversion process produces one
volume of product for each volume of waste. If the process produces four volumes
of product for one of waste then only one quarter of the above figures is added to
to the cost of product.

Some workers in the resource field are attempting to educate people,
technical and non-technical,to the concept that water is a vendible commodity
and that water reclamationor conversion should be thought of as a chemical
process of water manufacture. This campaign is having some success but the
still greater extent of its failure is evidenced by the scarcity of “yield”
data among discussionsof saline water conversion and reclamation. A number of
papers and reports (includingsome of the Office of Saline Water series) have
been issued containing engineering cost calculations on processes for which the
yield of product per gallon feed is nowhere indicated. This of course is one
of the most vital figures of interest for any chemical manufacturingprocess
and yet even among engineers and scientistsdealing with conversion process
the concept still exists that feed water is so cheap that the yield is not of
particular importance.

Yet this yield factor expressed as product-to-wasteratio is neces-
sary to a true understandingof the economics of disposal processes. Such in-
formation as has been obtained on current saline water processes is listed
below:

Process Product-to-wasteratio Ref.

Bndaer-HickmanCentrifugal
Evaporation 0.5 (l-1)

ElectricalMembranes 4.0 (1-2)
Solvent Extraction 1.0 (l-3)
High Rate Vapor Compression 1.0 (1-4)
Freezing 1.7 (l-5)
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164 pp.
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SUMMARY

This work reports an investigationof the various processes that might
be used for the ultimate disposal of the waste brines resulting from conversion
of saline water to fresh water, particularlyat the inland sites. The in-
vestigation is of a reconnaissancenature designed to show the areas:worihyof
further detailed attention.

Processes The major results comprise cost comparisons among twelve disposal
Studied processes, compounded out of eight unit operations. The disposal

processes considered in this investigationare:

Pipeline the waste to the sea

Solar evaporate the waste to saturationand pipeline
to the sea

Solar evaporate completely to dryness and convey by
railroad to the sea

Pipeline the waste to a land dum~ closer than the
seacoast

Evaporate to saturationand pipeline to a land dump

Evaporate to dryness and freight to a land dump,

Solar evaporate to dryness and aband~n in situ at the
plant sit~.

Inject the waste to Underground formations

Solar evaporate to saturation and inject

Pipeline the waste and inject in an abandoned oil well

Evaporate to saturationand pipeline to
well

. Discharge the waste to streams in times

an abandoned oil

of flood

cost The costs of the unit operations are developed over a range
Comparisons of the pertinent parameters chosen to represent the range

of those parameters to be expected in practice. Since it
was impossib].eto make comparisons among all permutations

and combinationsof these Unit operations, the process comparisonshave for
the most part been made for a standardizedset of the parameters,chosen to
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represent the median values of the pammeters to be expected in practice. The
standard values of the mfijorparameters thus chosen are as follows:

Capability - 2000 Mgd of waste

Distance

Distance

Evaporat

Depth of

to the sea - 300 miles

to a clos~r land damping area - 50 miles

011for brine - 40 inches per year

injectionwells - 6000 feet

Casing head pressure for injection- 260 psi

The costs of one set of processes depends upon the concentrationof the original
waste,almost without exception increasingas the concentrationincreases. The
cost of another set is independentof the concentrating.

The costs of most of these processes under a set of median.conditions
of the major parametersare shown in Figure 2-1. The costs for this set of
conditionsrun from $.038/Mg for injectingat the plant site to $1.92/Mg for
pipelining to the sea.

Conveyance Of the waste relatively short distances prior to injection
markedly increasesthe cost of the over-all process,

It is possible to reduce the cost of pipelining to the sea in two ways.
One, by seeking a closer land dump here taken at 50 miles. Two, by evaporating
the waste prior to pipelining. That the curves for both of these processes seem
to converge at low concentrationsin the region of $.30-.4O/Mg is a happenstance
of the choice of the data. The cost of the evaporationat low concentrationsis
about $.28/Mg and this makes up the largest part of the cost of the processes
involving it. Processes involving a land dump at 50 miles conveyance have the
conveyancecosts as the major component. This at 50miles is about 1/6 of the
pipelining cost at 3(XImiles, again approximately$.32/Mg. It also happens
that at these concentrationsand distances the cost of freighting the dry solids
is almost the same as the cost of pipelining the saturated liquor. Thus several
types of processes converge on the $.30-.40 region.

It,should be emphasized that Figure 2-1 represents only one set of
conditions chosen to be median of the ranges of parametersnormally expected.
However, changes in the parameters may be quite marked and some of them may
have a considerable influenceon the relative costs of the various processes.
All the informationnecessary to calculate a similar economic choice chart for
any other values of the parameters are contained in the body of the report.
Judgments about relative position of the processes for other values of the
parameters should be made from Figure 2-1 only with the greatest discretion.

Among such judgments that may be pointed out here are the following:

The cost of evaporation in soil-cementlined tanks
is as-stated about $.28/Mg at low concentrations.
Evaporation in unlined tanks is very much cheaper,
approximately$.04/Mg. Thus if it should prove
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possible to use mllined tanks the processes involving
evaporationwould converge at low concentrationstoward
something like $.O&-.O8/Mg. In other words, they would
be much more competitivewith injectionthan is now the
case.

The conveyancecosts have been calculated for pipe-
lining. It
would prove
significant
th!?cost of
but not of
ante for in

is-possiblethat canaling where applicable
cheaper than pipelining. If canaling did
y decrease conveyance costs it would affect
the processes involvingdirect conveyance
hose involvingevaporationprior to convey-
these the conveyance is only a small portion

of the total. Canaling would have to reduce the convey-
ance cost to l/50th in order to be competitivewith
injection.

As a third illustration,if one were fortunate enough
to have land suitable for land dumping and abandoning
immediatelyadjacent to the plant site, then disposal fig-
ures shown as the dashed line in Figure 2-1 would be
extremely low. However,the cost of conveying even a very
short distance would soon overbalance this advantage.
For example, pipeline conveyance only two miles would
bring the cost up to slightly more than injection at the
plant site.

Relation to The costs here developed,per Mg of waste, have a complex bearing
Water Costs on the cost of water conversion. The cost of the disposal

pracess must of course he expressed as $/h!g of product water and
added to the conversion costs. For a given concentrationof waste

this places the advantagewith those conversion processes having high product-
to-waste ratios. The product-to-wasteratios of many currently favored conversion
processes is 1:1 and for these the figures of the present report in $/Mg of waste
may be added as is to the conversion cost. The electrolyticmembrane process has
a product-to-wasteratio of as high as 4 or 5:1. Thus if all processes produced
waste of the same concentration‘theelectrolyticmembrane process would have
about one-fourth the waste disposal cost per Mg of product. This advantage is
tempered somewhat when comparison is made on the basis of equal concentrations
in the feed, fo~ in that case the high product-to-wasteratio process would
produce a more comentrated waste which in some disposal processes is more costly
to dispose of. A more important reservation is that the product-to--wasteratios
characteristicof the various conversionprocesses result from a limit on the con-
centration of the waste rather than its volume ratio to the product. This sub-
ject is not gone into in the present investigationwhich is confined to waste
disposal costs. It is cited as an example of one of the purposes of the study,
namely to stimulate in the engineeringof conversion processes a consideration
of how waste disposal costs may alter the optimum process characteristics.



OPERATIONS

Pipeline The investmentcosts for liquid pipelines developed in this
Conveyance study correlate well with those for actual and estimated

water pipelines and also with those for petroleum pipelines.
The conveyance costs for pipelining developed in this report.

correlate well with estimated and actual costs of water pipelininq over a wide
range of capability by the empirical equation

. .

0.45218Cost in $/Mg. s .2006/(j

where

Q is the capability,Mgd.

.

Oil pipeline conveyancecosts are about twice the water figures at correspond:
capabilities

Solar It is widely reported that salt water cannot be held in
Evaporation unlined earthen tanks even when they hava “impermeable”

clay bottoms because the salt water flocculates the clays
and makes the structureporous. This is important and

unfortunatebecause lining the earthen tanks with soil-cementor concrete in-
creases the cost by about 30-fold and 7&fold respectively.

rlg

Investmentcosts $/hlgdand operating costs $/h!gare developed for
various brine evaporationrates.

Brine evaporationrates in the United States are studied and it is
shown that the area-havingecouomic evaporation rates is quite restricted to the
southwesternstates, The area having net brine evaporationabove 30 inches
annually is confined to West Texas, most of New Mexico southern and western
Arizona, southern California and the southern California-southernNevada
desert where the evaporation reaches its United States maximum of about 60
inches. Solar evaporationof brine in the sense of the report is not econo-
mically possible east of central Texas and central Kansas and north of
California, Nevada, Utah, Colorado.

A correlation is shown between net water evaporationrates and net
brine evaporationrates apparently independentof gross evaporation and precipi-
tation.

Injection There is a large body of current practice on injectionof oil
well brines but only a few industrialwastes are currently
injectedunderground. Generalized figures are developed for the

costs of injectionwells depending on depth and capability. Figures are like-
wise developed for the costs of injecti~ndepending on depth, capability, and
casing head pressure encountered. The capacity Of storage underground is shown
to be tremendous,periods of centuries or millenia being required for the liquid
to travel even a few miles.
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Land Dumping Large areas of low cost land exists in the western and south-
Abandoning western states which might be used for land dumping or abandon-
Discharge to ment of wastes. Calculated on the basis of building up no more

the sea than 10 feet of dry salts in a century (in case there should be
no seepage), this is an exceedinglycheap operation. Discharge
to the sea also involvesno cost. It is shown that Great Salt

Lake constitutes a “sea” for the purposes of this study since $ts present evapo-
rating capacity which appears to exceed the inflow is sufficient to absorb the
saline water conversionwaste from plants capable of supplying 15 million urban
population.

Discharge
to Streams The controlled discharge of waste into the flood waters of

the sporadic arid-region streams is one of the cheapest dis-
posal methods. It is shown for example that the Canadian

River near Amarillo has a flow less than the average daily flow for 90%of the
time. The remaining 10% of the days have flood flows at total dissolved solids
concentrationssignificantlyless than those encounteredduring the remaining
90% of the days. In each of two recent drought years the river could have carried
50,000 tons of additional salts in these flood flows without ever exceeding the
average concentrationof the low flows. This would accommodatethe wastes from
a 2000 Mgd conversion plant operating on a 15,000 ppm feed.

PROCESS13S

Convey to In the western states a certain portion of the lands is more
the Sea than 500 miles from the sea or Great Salt Lake. Of the re-

mainder only 15% is within 100 miles of these and 50% is
between 100 and 300 miles. Thus only a small proportionof

the land could enjoy conveyance distances of less than 100 miles for discharging
to the sea. Pipeline conveyance to the sea is economicallyprohibitive except
at very large capabilitiesand quite short distances from the sea.

At greater distances from the sea the cost of disposal by pipeline
conveyancemay be reduced by evaporation to saturationprior to conveyance.
This reduces the cost depending on concentration. But the reduction becomes
less and less at shorter distances until at some critical distance it becomes
more expensive to evaporate than to pipeline the original waste. This critical
distance varies with all parameters but is not very sensitive to concentration.
At 40 inches evaporation it is about 50 miles for the 2000 Mgd case and ~bhut
7 for the 20Mgd.

A rather striking conclusion is that there is considerableregion for
economic choice between evaporating to saturation and pipelining, and evaporation
to dryness and freighting the resulting solids by railroad. In areas where there
are no possibilitiesfor injectionor discharge to flooding streams (whichunder
selected conditions are much cheaper than either of the above) a competitive
situation between railroadingand pipelining may be looked for. The economic
choice depends on distance and concentration. Railroading is cheaper up to
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concentrationsof shout 18,000 ppm at 500 miles and 9500 ppm at 300 miles,.
Pipelining is cheaper above these concentrations. The critical concentrations
are not greatly affected by r,hangesin cost of evaporation.

Convey to The cost of the land dumping operation is so small that the
a Land Dump costs of the processes involving it are practically iden-

tical with the costs of the intermediateoperations in those
processes such as conveying or evaporating. As has been shown

evaporation to snturat~on is of no advantage over direct pipelining when the dis-
tances are only 50 miles although this distance is reduced to about 7 miles at
low capabilities. At the 20(J0Mgd capability, there is a small region of con-
centration up to 3500 ppm where evaporationto dryness and railroading is cheaper
than pipelining 50 m~.les. Land dumping remains however primarily a device to
lower disposal COSTS by seeking shorter conveying distances for dumping than those
to the sea. It is assumed that inland areas might locate land dumps which are
nearby compared to the sea but remote with respect to nuisance and pollution
from them.

Abandonment Abandonment at the plant site is sought as the ultimate
reduction of conveying distance. If this is to be done
generally, (and not just for certain specific fortunate

locations)itrequires not only abandoning large acreages forever but also
constructingand maintaiuinq forever ‘tightstructures to hold the salts,
These structures turn out to be the major cost and place abandonment among the
high cost processes. Furthermorenone of the major parameters except evapora-
tion rates have any affect in lowering the cost,

Injection Injection has the lowest cost of all the processes likely
to & useable generally. Tts major drawbacks are that
si~es suitable for injectionwells are not found every-

where and their locating involves a certain unpredictability. The same un-
predictabilityholds for the associated pumping costs. The injectionprocess
is well worked out through oil field practice and the c,apacityof.underground
formations to absorb liquids is tremendous. Whether this will hold for in-
jection to a non-producingformation remains to be seen. Nothing is gained
by seeking an abandonedwell, for the saving in well costs after reconverting

d
it are ess than the conveyance costs which would be incurred if the well
happe to be Ior.ated(as is likely) more than a mile or so from the plant.
Indeed if for any other reason it is necessary to convey the waste even to a
new well “theconveyancecosts very quickly wipe out the favorable cost of in-
jection. The cost of injectioncannot be lowered by prior evaporationbecause
the cost of evaporation is more than the difference in injectioncosts,

Flooding The total potential of the country for discharging to
Streams flooding streams may not be very great even though the

process may be one of the cheaper processes for individual
plants. Especially of importance is the effect of such

discharge on flood water storage downstream. There are many legal problems
which have not been explored in this study.



By-products By-productmanufacture from the wastes will probably have few
from Wastes potentialitiesexcept when solar evaporation is a component

of the waste disposal process. In that case a desirable raw
material for the manufacture of certain of the minor components

such as iodine, bromine, magnesium, might.result. Manufacture of either minor or
major (heavychemical) by-productswould be limited because the waste production
of only a few reasonable-sizewater conversionplants would swaiqthe U. S. market
for the materials. Thus although by-productmanufacturemight be profitable for
a few organizationsit cannot be of general assistance to the waste disposal problem
when saline water conversionplants become numerous.

Recommendations The uncompleted aspects of the work and recommendationsfor
further study are contained in the next chapter.

.

.



CllAF”TER3

RECOS1MENDATIONS

The recommendationsfor further research arising out of this study
fall into fiv~ categories as follows:

I. An extension of the comparative curves such as Figure 2-1
to cover all values of the major parameters.

11. A study of ‘thepossibilitiesfor major reductions in costs
of certain operations.

ITT. A study of the cost of conveying water.

Iv. A more detailed study of the geographical incidence
of the values of the major parameters to define the
areas in which the various processes are applicable.

v* Refinements, improvements,and settling of cp~estionable
points in the present study.

* >:C * ** ** * * *

EXTENSION TO ALL CONDITIONS

Figure 2-1 indicateswith deceptive concisenessthat discharge to
flooding streams and injection are preferredmethods of disposal on the basis
of Costv and that all other processes are at least eight times as expensive.
The deception arises through the fact that Figure 2-1 applies only for the
specific set of conditions there cited. VJhilethose conditions are chosen
to represent the average of the reasonable ranges of the major parameters,
this average of course cannot express the conditions as they exist generally.
An attempt has been made in the chapters on the individualprocesses and in-
dividual operations to make some assessmentof outstandingeffects of para-
meters but it is not possible to assess the effects of the parameters on the

. relative standing of the various processes without actually making the cal-
culations. As a very simple illustrationit should definitelybe determined
whether the relative standings as shown in Figure 2-1 are appreciablyaltered
at lower capabilities-- for it is likely that these low capability plants
will be the pioneer plants in saline water conversion. The first recommenda-
tion therefore is that the methods and data developed in this report will be
utilized to extend the study so as to cover, in the manner of Figure 2-1*
the full range of the major parameterswhich are:

Capability
Evaporation rate
Evaporation tank construction
Distance to the sea
Distance to a land dump
Depth of well
Injectionpressure
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Such studies which can KIOWbe largely routinized may allow some definite conclus-
ions to be drawn where xow only suggestionscan be made.

11

MAJOR COST REENJCTION

Of the eight mojor parameters five are geographicalor geological in
nature and completelyoutside Of engineeringcontrol. Only two, capahllity and
type of tank construction,are completelywithin engineeringcontrol. One,
concentrationof original wasteg is somewhat subject to engineeringcontrol. The
second recommendationdeals with the measures that might he taken to make sub-
stantiallymo~e favorable those parameters subject.to engineeringcontrol.

[Jrtderconveyance, it is recommended to determine the generalized
possibilitiesfor utilizing canal sections to a major extent in the conveyance
system. This will involve generalized studies of land slope to determine areas
in which canals are feasible. It will also involve a determinationof the unit
investmentcost and operati~g costs for canals similar to the present work on
pipelines. It is generally believed that canaling is cheaper than pipelining
but the author has found that objective evidence for this is quite elusive.
Obviously a canal has a chance to be cheaper than a pipeline when the canal
operates under gravity and the pipeiine has to overcome a pressure head. This
is particularly true if It should be found that investmentcosts per unit of
capability are lower than pip~line investmentcosts. But this applies only to
a canal and a pipeline side by side. The qllestionbecomes more complicatedwhen
a generalizedterrain is assumed and it becomes necessary to determinewhether
in general a pipeline might Lake a direct route whereas a canal in following
the contour might lose its per=4Jgadvsntage.

There is some evidence that under gene~alizedconditions investment
Costsv at least for Canal$, are less than for pipelines for equal capability.
For example, the coht of 54 miles of cut-and-coverconduit of capability
1,038,000Mgd in the Colorado Aqueduct of the Municipal Water District of
SouthernCalifor~ia was $.001] @,NRz&O,l while the cost of 62 ❑iles of lined
canals of the same capahili~y was $.00~4. Incidentally,the figure for cut-
and..-coverconduit fits very well ofi the ext,ensio~of Fi~re 4-4. The capabil-
ity is 10 times grea~wr than the highes’icapability shown on that Figure.

But there is contrary evidence. For example, the estimated operating
cost of the Bureau of ReclamationvsGulf Coast Canal correlates very well with
the curve of Figure 4-5 at a capabilityof 1.1.800,000Mgd. Since that curve
iS composed entirely of pipeline figures one would expect that the canaling
$igure would show too low a cost to correlate with the extension of the curve.
This brings up a q~estion of whether the alleged low unit cost of canals is
not ascribable to the ge~aerallyhigh capability of these structures rather
than to any inherent].ylower cost over pipelines Of the same capability.

The second parameter in which engineering control can have a major
effect is the type of evaporation tank structure. If the work outlined under
RecommendationI indicates that evaporationcosts in the region of those for



unlined evaporation tanks do have appreciableeffect in lowering the cost of
some processes or particularlyof altering their cost relationshipsthen a
rathex thorough study should be made of solar evaporationwith a view to
lowerinq its cost substantially. Such cost lowering can only come through
the cheapeningof the tank accomplishedby using essentiallyunlined tanks.
Figure .5-2,shows that evaporation in unlined tanks costs about one-eighth
that of evaporation in soil-cementtanks. The major technical question is
whether unlined tanks can be made to have a seepage low enough to prevent
pollution, As indicated in the report the evidence from this seems unfavor-
ahlfibut question{ible.Furthermore,there may be some simple method, say
akin to bentonite liming of fresh water reservoirs,which may reduce the
seepage sufficiently. The self healing tanks used in South America are
suggestionsof whwt might b~ accomplished.

Reduction of evaporationcosts to a lesser extent are suggested
in the use of dye and the maintenance of stratificationin the evaporating
tank. Experimental studies should be carried out on both of these if the
results of RecommendationI show that a 30% saving in evaporationcost might
be significant. In arriving at this figure it is assumed that the dye
method will not increase the rate more than 20% and the stratification
method not more than an additional 30% for a total of 50% increase. Among
things to be studied would be the allegation that the dye used in the Israel
work is not lightfast and soon fades out.

COST OF CONVEYING WATER

‘I’hisstady has again shown the necessity, for water resource planning,
of comprehensivestudies leading to rule of thumb figures on the costs of
conveying water. The chapter on conveyance in this report demonstratesthat
despite wide variations in terrain, capability, and other conditions, it is
possible to achieve some reasonable correlationof conveyancecosts. Inked,
when the figures for the Colorado Aqueduct and the Gulf Coast Canal are placed
on a chart simi].arto Figure 4-.5,we achieve a correlation,not perfect but
good enough to be illuminatingand useful, over the 600,000-foldrange in
capability from 20 Mgd to 11,000,000Mgd and a 650-fold range in unit cost
with an average deviation of all points from the correlationcurve of less
than 15%.*

*FOOTNOTE: 0.48347The equation of this line is CCQ= 0.2706/Q
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GEOGRAP[{ICAREAS OF AFP1,ICATION

Another type of recommendationinvolves further investigationof the
parameters not under engineering control which ate evaporationrate, distance to
the sea, distance to a land dump, depth of injectionwells, injectionpressure,
While nothing can be done about.these parameters in the sense of altering them
yet their geographicaldistributionshould be studied in order to arrive at a
firmer definition of the areas in which the various processes are applicable.

In injectiona study should be made to see if the range of casing head
pressures used in the report which were selected from Texas conditions is truly
applicable throughout the United States or whether the report conditions are sig-
nificantly more or less favorable than would be experiencednationwide.

In land dumping a geographicaland geologicalreconnaissancestudy should
be made to determine the existence and distributionof suitable land dumps in the
western states. The report assumed that where these exist a 50 mile distancewill
be reasonable. If further geographicalstudy indicatesthat this 50 miles should
be incretiseato 100 or decreased to 20 it would have a significanteffect on the
land dumping process. The same study could locate sites suitable for abandonment
and in this phase it would be desirable at the same time to obtain actual prices
for land, which in the report are assumed to be significantfor abandonmentthough
not for land dumping.

In sea discharge investigationfrom an oceanographicstandpointshould
be made on the effect of discharging such quantitiesof these wastes into the
sea near the shore. Included should be a study on the effect of rmrine and beach
life, includinghuman, and of the inshore currents which will distribute the
waste, A reconnaissancestudy of this type should locate those areas along the
indicatedcoasts where it would not be desirable to discharge these quantities
of waste. This might exclude enough length of the seacoast to appreciably
change the pattern of distance to the sea as shown on the map. Also it might
indicate areas where even lit,toralplants could not dischargewastes without
contaminatingtheir own intakes.

Also, a more detailed study should be made to determine the suitability
of Great Salt [.akeas an ultimate disposal sump for saline water conversionwastes,
The effects on the water body on the surroundingpopulation and on the plans of
chemical companies for utilization of its brines should be studied in greater
detail than has been possible in this report.

In discharge to flooding streams a study should be made to determine
the general applicabilityof the process. The question to be answered is: Where
else in potential brackish water conversionareas besides the Canadian River at
Amarillo can the streams take any appreciablequantity of wastes in flood flow.
The answer to this will tell how many plants the countryVs streams can tolerate
and roughly where.

Related to this category is a more comprehensivestudy of the possibility
of producing by--productsfrom waste especially evaporatedwastes. This study would
consider the types of minerals normally found in brackish water or sea water and,
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Selecling thwe wkich rflightbe favorablyproduced from the waste, would determine
in what locat,i.onsthey might he produced, how much of the market they might
capture and how much of a profit might be realized on the operation which
might,be credi!ml back against waste disposal. (It is rather doubtful that
such profits wcultihe credited in this precise way but the over-all effect
would be a greater profit for the integratedwater conversion-by-product
plant,)

v
.

REFINFN3WS

The fi;ml group of recommendationscomprises the category of
refinements, improvements,and settling of questionablepoints in the
method and data of the report.

In conveying more precise study should be made of the cost of
pipelininq i~tilizinggeneralizedconditionsof pipeline profile i. e. con-
taining h~.ghand low spots and determiningthe economic optimum pipe size
for lowest vperating costs using the parameters developed for the pipeline
itself, This will automatically involve considerationof the question as
to whether the pipeline can be run economically as a siphon without using
any power.

The report sidesteps the question of materials of construction for
the pipeline as well as for the injectionwells and other structures. Further
inquiry should cieterminethe materials which are best suited and most economi-
cal to handle the brine as well as the costs of utilizing the indicated
materials.

Some minor investigationmight be given to the fact that oil
conveyance costs are higher than water conveying costs whereas the invest-
ment costs are about the same.

More attewtion should be given to conveying for short distances.
Accurate si~~~t,distance conveyance data are especially desirable in connec-
tion with the effect of conveyance on injection short distances from the
plant site.

Under evaporation certainlymore attention should be given to the
operating experience built up by the operators of solar evaporation vats in
this country and abroad.

This stw!y has assumed that no treatment of brines prior to in-
jection will be needed. This should be explored further for cases of
chemical incompatibilitywill probably arise. Especially it is likely
that solar evaporationmight so alter the brine in turbidity and supersatu-
ration as to require treatment before pipelining. If evaporation can be
made cheap enough so that injectionof evaporated brine becomes economic
then treatment,prior to injection should be studied.



34

A study should be made of the types of solids which will be obtained
from evaporation to dryness of saline water conversionwastes for the purpose
of determining how they may be loaded and what type of freight car and what
type of commodity rate would apply “tothem.

Uncertainty exists as to the accuracy of the Harbeck ratios due to an
insufficiencyof standard data on natural brine evaporationrates. Brine evapora-
tion experiments should be carried on presumably at standard Weather Bureau
stations in such a way as to obtain design data that will fit in with the current
scheme of data for water evaporation. At the same time or independentlyof
this the Harbeck ratios should be calculated for other conditions of humidity,
temperatureand pressure than those used in this report. Some attempt should be
made to put the Israel brine pan experiments into standardizedform which would
integratewith the American data.

The 21 station network used in calculations for this report is quite
scanty and should be extended to include other stations so as to better define
the lines of equal evaporation. At the same time the evaporation correlation
curve, Figure 5-5, should be checked for applicabilityover this wider range of
data.

The data on permeabilityof concrete is shown in the report to be
rather scanty and open to some question. The same is almost certainly true in
much greater measure for soil-cement. The available data should be collected
and new determinationsmade if pollution-freeevaporation is to be carried out.

Finally, the effect of non-uniform annual evaporation should be studied
for its effect on the evaporation operation, This is one of a type of parameters,
which include stream flow applicable to discharging to streams, which vary in
such a way that the annual average cannot be used in detailed engineering studies.
It is necessary to make a statisticalstudy of the distributionof daily evapora-
tion or stream flow and compute the necessary evaporationtank volumes or storage
volumes by accumulatingthe day-to-day inflow and outflow, using statistical
methods to take a calculated risk.

For injection a careful study should be made of the mechanics and
mathematics of injecting inr.oa non-producingformation. This may have a
considerablebearing on the injectionprocess and therefore it should be worked
out with some care and detail.

On discharge to streams a study should be made of the effect on down-
stream reservoirs and consumers and a re-evaluationof concentrationlimits
might result from such a study,, Also in the report it is indicated that there
is some discrepancybetween the salt tonnage carried as calculated by the day-
to-day or hour-by-hour integrationof the published references as compared with
the longer periods used in the report. This discrepancyshould be investigated
to &ee what is the maximum size of period that can be used for computationwithout
seriously affecting the accuracy of the results. Some attention should be given
to the need for and cost of supervision,river monitoring and maintenance in a
controlleddischarge program.

,.
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CHAPTER 4

OPERATION: CONVEYANCE

Synopsis - COST OF FREIGHTINGS(LIDS: Freight Costs, Cost of
Freighting Solids M COST OF PIPELININGLIQUIDS: Unit Cost of
Pipelines,Cost of Pumping Facilities, Pipeline InvestmentCosts
Calculated, piPeline Conveyance Costs Calculated,Conveyance
Costs FZperienced,L,oweringPipeline Costs - RF.FW2LENCES

I

Synopsis This chapter develops the types of structuresand costs
applying to the conveyance of liquids and of solids over dis-
tances up to 1,000 miles.

The railroad is generally conceded aS the economic method for long distance
hauling of bulk solids and thus the cost of solids conveying becomes simply
the conversion of the correspondingfreight rates, plus the cost of loading.

Conveyamc@ of liquids over long distances however is more complicated.
The major form Of long distance conveyancenow in practice are the pipelines for
conveying petroleum products, as well as water. Also in use are open canals.
@en canals are probably a cheaper means of conveying water and brines. Two
factors excluded them from this preliminaryconsideration, The first factor is
that open canals can only transport approximatelyon the contour. Accordingly
it would be more difficult to generalizeon costs as must be done for this study.
Secondly, cost data on canals for long distance conveyance are quite scanty in
the technical literature.

A pipeline however can be specified for ~ny sort of terrain condition.
Also, there are more available cost data on pipelines. The situation however is
far from favorable for ~conomic studies in water resources.

The present chapter will illustratethe fact that there is badly needed
a study of “the cost of conveying water” and the presentationof the results in
a readily Useaktlefom that will allow rule-of-thumbcomputationsto be quickly
made. Such a guide is absolutely necessary if we are to make the higher order
economic studies which are necessary to the nationwide development of water
resources.

The present chapter barely skims the surface of the subject in order
to provide some preliminarydata for the ultimate objective of the present study.
Even so it has been necessary to go to quite extreme lengths, in order to arrive
at a result. In the present chapter, the engineering detail to which it is
necessary to resort in developing economic data on water conveyance is aptly com-
pared with the extreme simplicityof developing comparable data on freighting
solids.

The situation that confronts the student of water economics may be
compared with the accomplishmentto be expected from market research if each
market researcher instead of referring to freight schedules had to calculate
them, starting with the cost of constructinga locomotive and laying track --
or similarly, if the student of internationaltrade had to hegin each problem
with an engineering estimate of the constructionand operating cost of steamboats.



Conveyance Unit Freight costs depend upon the mileage, the competitive
situation, the value of the commodity,and its difficulty
in handling. There is no commodity rate for the salts that

would be obtained by evaporation of saline water conversionwastes+ however, in
Figure 4-1 there is shown the unit rate for common salt bulk, and rock salt from
Weeks Island,Louisiana, a producing point. The~’:are the actual carload rates
including tax in effect in February 1957 (4-l). on the basis of their value
saline water conversion salts might be aligned with rock Salt, but on the other
hand they would be more difficult to handle and probably more corrosive than
rock salt. Accordingly,our calculationsare based on the common salt rate
shown in the Figure. A study has not been made of the variabilityof the freight
rates from various producing points throughout the Southwest. It has been assumed
that these rates are characteristicof conditions in the area most likely to
utilize conveyance of saline water conversionwastes.

Cost of The cost of freighting solids resulting from evaporation to
Freighting dryness of wastes is compounded of the freight costs and
Solids the cost of loading. It is assumed that the loading is done

with earth moving equipment and will approximate the cost
of that operation, as developed in Chapter 5, say $0.27/Lu

yard. At an estimated bulk density of 100 pounds per cubic foot of salts this”
amounts to $0.20/ton. The cost of conveying solids per Mg of original waste,
including loading and freighting is thus:

Ccs = 4.1725x
*

(fx d+O.20),$/Mg

where

~ = concentrationof waste, pptn
f = freighting cost, $/ton mile
d = distance, miles.

Selected values are shown in the followingTable.

TABLE 4-1

COST OF CONVEYING SOLIDS, $/hlgORIGINAL WASTE

. I

1000 .0123 .0100 .0334 e0425
2500 .0307 .0467 .0835 .1060
5000 .0615 ●0935 .167 .212
25,000 .3075 .467 ● ~G 1.060
100,WO 1.23 1.88 3.34 4.25
260,000 3.18 4.e6 8.66 11.00
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COST OF PIPELININGLIQUIDS

Unit Cost Petroleum pipelines and water pipelines have enough similari-
of Pipelines ties so that their constructionand operation may be considered

as part of the same art. Petroleum pipelines are usually
constructed of steel while water is conveyed either in steel

or in reinforced concrete, and sometimes even in wood. Petroleum pipelines tend
to be of smaller diameter and smaller capability than water pipelines but on
the other hand averagingmuch longer than these. Petroleum pipelines less than
100 miles long are rather scarce while water pipelines greater than 100 miles long
are equally so, Petroleum is usually pumped under pressure the entire distance of
the line, Also, partly because petroleum pipelines may carry a number of products
simultaneouslyand are more likely to experience trouble, they tend more to control,
maintenance and communicationsystems. “Water pipelines usually do not require so
much attention.

More cost data is available on petroleum pipelines than on water.
Enough of both for our present purposes is shown in Figure 4-2. The data for
water pipelines all refer to specific pipelines. Thosefor oil refer to averages
of experience figures for existing pipelines as well as the results of some stan-
dardized estimating procedures for pipelioes. Some of each type include the pump-
ing stations,while some do not. As later shown, pumping station costs amount to
only about 10% of the average pipeline cost.

All the costs shown, as throughout this work, have been calculated to an
ENR cost index of 6!30. Pumping station costs have been withdrawn from the original
costs where that is possible.

The unit cost of a one inch pipeline has been calculated bv taking the
nonpipe costs of pipelines (4-2) (rightof way, surveying,clearing,laying, ditch-
ing by machine and inspecting)which total $1800 per mile and riddingthe price of
the pipe at 32 cents per foot per inch of diameter (seeChapter 6) and of hauling
and stringing at’30 cents/ton mile (4-2),

cost of In considering the unit cost of pumping facilities a distinction
pumping must be made between process pumps installed in a plant and pump
facilities stations on a pipeline. As shown by Figure 4-3 the latter cost

about four times as much as the former in the capabilitieswhere
they overlap. Pump stations on a pipeline require land, buildings,

utilities, controls and sometimes housing which are not needed for process pumps
in an operating plant.

The Figure indicates,as found with pipeline costs, that water pumping
facilitiescost about the same as oil pump stations of the same horsepower. Un-
doubtedly a great deal more data of this type could be collected but the scope
of the present study did not allow it especially since the cost of pumping
facilities is small compared to the total costs.

.

.
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Pi~eline [Jsingthe above figures, we are now in position to make
Investment a rule-of-thumbcalculationof the investmentcost of
costs, pipelines for our chosen capabilities of 20, 200, 1,000,
Calculated and 2,000 Mgd. Numerous studies could he made to select

the optimum combinationof pumping faci!.itiesand pipe-
line size. For our purposes, this will be shortcut
using an economic pipe diameter nomograph (4-13). It

is to be noted that this particular chart refers to process pipin! and may
not be necessarily correct for long pipelines. The results of thl$ approach
are as fo3.lo\Y$:

.

Economic Y1’lin. 1.5 4.0 7 10
Pipe Size Chosen *,* 4“ 7 5/8” lo”
Actual Yr)in, 2,06 4,03 7.03 10.02

The actual inside diameters do not correspond to any one schedule (i.e.
strength) of pipe but are shown only to indicate that such diameters are
available in the sizes chosen. An actual engineering calculationwould
establish the exact size, weiqht and thus cost of pipe by more precise
methods. The 7 inch ID pipe is not standard steel pipe hut corresponds to
7 5/8” oil well casing.

having established a pipe size, the friction pressure drop may be
obtained from a stmdard nomograph (4..14)for the Hazen and Williams formula,
C=loo. The pumping head will be made Up of the friction loss and the differ-
ences in elevation between the various points on the line. It would not be
possible in this study to cover the various combinationsof elevation differ-
ences which might be involved and accordingly the head loss is calculated
purely as the friction loss in the pipe. This has some justification in that
one of the mtiinpurposes of pipeline would be to convey wastes to the sea
coast# almost universally a negative difference Of elevation, However, of
course, the total AH will be in many cases greater than the difference in
elevation due to the crossing of intermediatedivides and the nonrecoverability
of the potential.energy thus generated. Users of the charts herein should be
cautioned tha~ just the reverse will apply when water (e.g. sea water for
conversion) is pmped from the sea coast to inland points, In those cases a
gradient of at least 4-5 feet per mile (e.g. typical of the Gulf Coastal
Plain) will be encountered. As may be seen this increased head of about 1
foot per thousand feet would not have a great effect on the horsepower, how-
ever. The results are:

.
M!@ 20 200 1.000 2.000

. L1H
ft$/l,WIO 15 25 26
Ft./see. 1.7 3.7 5,5
HP/mile 3.5 5,8 30.2

The horsepower has been calculated at M%pump efficiency by:

[’P/mile= 0.00116x LHxh!gd

Costs of the pipeline per mile may now be read from
of pump stations from Fiqure 4.-3assuminu that the horsepower

27
5.5
16.2

Figure 4-2 and
size at each.

statio; is such as to gi;e one station every 50 miles on the line. Th~e
results are as follows:



Lad ?0 200 1.000 ?..000

Line ~ost
$/mi. in

Line cost $/mi.

Pu;; station cost

Pump station cost
$/mile

Total investment
$/mile

Pump station as
%of total

Total investment
$/mile gpd

2600

5200

160

55

5250

1%

0.263

2200 2400 2800

8800 18,300 28,000

200 100 160

1160 3020 2600

99& 21,320 30,600

11,6% 14.2% 8.5%

0.0500 0.0213 0.0153

Pipeline Some data are available on the investmentcosts per unit
Investment of capability for liquid pipelines. These are shown in
costs, Figure 4-4. The costs of water lines qorrelate well with those
tiperienced calculated in the previous section for smaller capabilities,

and also with the one set of data available on oil pipelines.

Again there are probably available numerous other data which might be
recalculated and correlated. It is believed however, that the Figure 4-4 indica-
tes that our calculated investmentscosts for liquid pipelines are reasonably
accurate. It also constitutes evidence, believed to be the first, that water pipe-
line costs and oil pipeline costs are the same for equal capabilities. This means
that the data on oil pipelines which though scarcearemuch more extensive than
thowon water pipelines.areavailable for use in studying the economics of water
resources. The above figures glide over such detailed differences as materials
of construction for pipeline (steel,concrete, asbestos-cement,concrete lined,
plastic lined, etc.) type of terrain (hilly,rocky, downhill, uphill), cost per
acre for easements. It is not possible to consider all these details h a first
broad view but refinementsof this study should incorporatethem. In particular
as discussed in Chapter 6, Operation: Injection,attention should be given to the
ability of the materials to withstand inside corrosion from the salt water. For
the present it is assumed that concrete pipe would be used rather than cement-
lining steel pipe if that is necessary.
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Pipeline The costs of conveyance for our cases are calculated on the
Conveyance following basis.
costs,
Calculated Reference (4-61 estimates pipeline repairs at $200 per mile year

for a 60 inch water line. Reference (4-15)takes $50 per mile for
oil pipelines 10 years old in good terrain and $150 in a medium

swamps terrain. While $200 may be a currently accepted engineeringfigure for
water pipelines $100 is chosen for the present study because if water and brine
pipelines are to come into use they will at least,have to equal the best oil
pipeline practice. This figure gives $0.375/mile day.

Pump station repairs for an electric station (4-15)are taken at
$1.00/horsepoweryear equal to $0.00374/HP day.

Other costs associatedwith direct operation (4-15)are taken as follows:

Electric power 0.84/HP hr. (i.e.$0.005/KWH at 84%
efficiency)

Other costs, 10~of
above o.081!c

0,88$/HP hour=$O.21/HPd

As shown in Chapter 5 depreciationover 40 years, straight line interest
at 4%, taxes at l;Land insuranceat l~igive operating costs according to the

followin9~ $/gpdx 0.178=$/!Jg. Summarizing,the operating costs are as follows:

On horsepower———

Pump station repairs
Pump energy
Other station costs

On pipeiine. miles— —.—.—..—

Pipeline repairs

On capital

Total

Depreciation, interest
taxes, insurance

$/HPd

.0037

.192

.019

$.2157/HPd

$/mi. d.

0“374

$In!g

0.178x $/gpd
s

.



Table 4-2

F1.PELI’NECONVEYAN~[ COSTS
$/Mq mile

20 200 1,000 2,000

On capital ,(),j~o .CX3892 .O03E?0 ,00272
on riorsepower ,,0(]3-75 .00625 .006251 .00174
on pipejine I?li.lcfi.0187 .00187 ,000374 .000187

Jus-tas .h could he noted that the friction head for the 1~000 llgdcase
seined to be nigh compared to the others, so similarly the expenses based on
l~o~sep{;~~rsetimcomparativelyhigh This probably means that a larger pipe
size, say 9’*r;~therthan 7 5/8”, is indicatedas it ‘probablywould decrease
horsepower COSIS appreciablymore than it.would incr@asecapital costs,

Conveyance Experiencedpipeline conveyance costs are available for a
costs, water and oil pipelines and a large number of per barrel
experienced prices and costs are available for oil pipeline transport

few

be-
tween specific points. While not going into all these, Figure
4-5 shows the experience figures for several water pipelines,

for a stfindardestimate oil pipeline and for a couple of presentationsof some
actual oil transport prir,es. On the same figure are plotted the calculated
data of the.previoussection.

Again, it is seen that the general trend of the water data encomp-
asses the calculated points. Oil conveyance costs however, appear to be
somewhat liighe~than water conveyance costs at the same capability. however,
the slope is approximatelythe same,as indicated by the Midcontinent Oil line.
The reader should not be misled by t}ledata on the Figure labeled “Range of
Many” and “Average of 40”. The data represent only costs and have no location
on the capability axis.

An analysis of why oil conveyance costs should be approximately
twice as high as water conveyance costs has not been made, but this should
be done in any refinementsof this study. No doubt the depreciation rate
as well as the interest.rate on the oil pipeline is higher than those taken
h this study or by the experienced cases for water. Also a return on invest-
ment is probably included.

The unit cost seems to be a function of the total distance when the
distance is small, but the variation down to 200 miles, at least, is not
great. Estimated increasesover the unit costs for a 1,000 mile line are
(4-=5):
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PIPELINECONVEYANCECOSTS
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TAEJ.114-3

CONVEYANCE COST IN(UIHOISESFOR SIIORTi!;.Ul,S

Miles 1000 MO 400 300 200 100 50 10
Extrap. Fxtrap. Extrap.

.

Increase O 1 4.1 7,0 11 18-20 25.35 50-90
%

.

In subsequentcalculations, in order to eliminate the variations
in the calculated value of operating cost, the values used will be those
from the smooth curve;

which are:

TAKE 4-4

SI’JOOTHf-URVECI)NVEY~.NCIZCOSTS

o 20 200 1000 2000 100,000 Mgd

~~Q ●040 .018 .0088 .0064 .0011 $/Mg mi.

Lowering As these costs will later be shown to be high, a number of
Pipeline approaches should be taken to see if the total cost cannot
costs be reduced. Among these would be the use of canals, which

will have to be reserved for a later study. As for pipelines
themselves,the most one might hope for is to get by without

using any power. This would mean that the driving forces might be whatever
difference of elevation was available and the line would be run as a siphon
using only an insignificantamount of power to deaereate the line at the high
Spa:s. In order to operate as designed, the elevation differenceswould have
to equal the friction head losses now taken from 7-26 feet ver thousand feet of

. line. ‘This of course would be impossible,amounting to a grade of 100 feet or
so per mile. However, a comparativelysmall increase in pipe diameter would
considerablydecrease the friction loss at a given flow rate, and while ’this

. line of reasoning suggests that the pipe sizes chosen are not optimum a more
thorough search for the economic optimum will have to be reserved for a later
study. For the present we may consider that the increase in size of the line
will result in increasedcost at least equivalent to the pump station costs
and therefore the capital investmentof the line operating without pumping will
be allowed to remain the same. The only change in the expense items will be the
reduction of those based on horsepower to zero which would result in total ex-
penses as follows:



TAIKE 4-5

FREF-FLOW PIPELINE CONVEYANCE COSTS

4-14

70 ?00 1000 XN3C!

Total expense
$lMg mile .0320 .0108 .0042 .0029

These figures which are approximatelyhalf of the previous fi~ures are
also plotted in Figure 4-5. They serve to show incidentallythat the discrepancy
in the 1,000 Mgd case is probably due to comparativelyexcessive power require-
ments due to a too small design diameter. They are the lower limit of costs
since a higher pipeline investment than here taken would probably be needed.

* * * *** ** * ** ***
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CHAPTER 5

OPERATION: EVAPORATION

Synopsis - OPERATING EXPERIENCE - INVESTMENTCOST FOR
EVAPORATION FACII.ITIES:Cost of Earth Moving, Cost
of Construction,Cost of J.ining, InvestmentCost for
Evaporation Facilities- OPERATING COSTS FOR EVAPORA-
TION: Non-uniformAnnual Evaporation,Seepage Losses
BRINE EVAPORATIONRATES IN THE U. S.: Rates of Brine
Evaporation, Accuracy of Brine-to-WaterRatios, Areas
Where Brine Evaporation is Possible, Maximizing Evapo-
ration Rate, Brine EvaporationCorrelation - REFERENCES

Synopsis This chapter studies solar evaporationas an intermediate
operation in a disposal process, largely for the purpose of
reducing the volume of waste necessary to be injected or con-

veyed, other forms of evaporationcould conceivably be used to accomplish this
reduction of volume; However, solar evaporation is generally considered to be
the cheapest form in those areas where it is applicable. The results of this
chapter show that solar evaporation can be accomplished in the range of
$0.20-.6O/Mg,which is considerablybelow the best costs for any fuel fired
evaporationpzocess.

Evaporation or rather distillationalso happens to be a conversion
process and solar distillation is prominent among these. It may be a little
confusing as to why there is suggested an evaporation operation in the disposal
process when the conversion process itself may constitute evaporation. The
reason, of course, is inherent in the economic fact stated above. Solar evapo-
ration as a conversionprocess is more expensive than solar evaporation as a
disposal operation because the former requires attention to scaling and to
collection of the distillate.

In this chapter, after a discussion of operating installations,there
is first developed the investmentcost for earthen evaporating tanks as a
function of capability and evaporationrate. Next, there is developed the op-
erating costs for evaporation under those parameters. Finally, the evaporation
rates for brine in various geographicalareas are developed for application in
the preceding calculation.

OPERATING ~PERIENCJZ

Operating experience and data with large scale solar evaporationponds
is very limited and practically nothing appears in literature. The [,eslieSalt
Company, San Francisco operates tidal vats on San Francisco Bay for the evapora-
tion of sea water. Their vat constructionand operating conditions are quite
different from those which would be encountered in inland evaporating vats for
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saline water conversionbrines (5-l). BonnevilleLtd. has very large acreages
of evaporationponds at Wendover, Utah, evaporatingBonnevilleLake brines. A
special pond design is used to balance the hydraulic head of concentratedbrine
with that of fresh watet:in an outside ditch (5-2), This cuts down on seepage.
The Anglo-LautaraNitrate Corporation,Pedro de val I)evia,Chile, evaporatesbrines
and leach liquors from nitrate mining (5-2). They have developed, against the high
earthquake frequency in that region a method of making ponds self-healing. The
particular ore they are using consists of brecciated ryholite. The leached resi-
due is used for evaporation embankments. If quick lime is mixed with the em-
bankment material the MgC12 h the seeping liquors reacts with the lime and
precipitates the gel which fills the pores. The Antofagasta& Tarapaca Nitrate
Corporation in Chile at one time used a figure 8 railroad track in the evapora- .

ting pond (5-2). A railroad engine and attached pump car ran around the track
spraying brine for evaporation. The salts, when they built up to a height of
about a foot, were harvested by bulldozer. The Palestine Potash Company operates
large evaporating ponds at their plant on the Dead Sea (5-3).

Because of the remoteness of these installationsand the lack of in-
formation in the published literature, very little attempt has been made to
utilize them in this study. More detailed studies, however, should include
detailed studies in the operating experience at the above and other installations.

INVESTMENTCOST FOR EARTHEN TANKS

cost of The literature survey did not reveal any estimates of the cost
Earth of earthen vsts for solar evaporation. Accordingly It waa nec-
Moving essary to calculate this using standard estimating methods (5-4),

The construction is assumed to be done with rubber tired scrapers,
operating at an average haul distance of 1500 feet. The cost will

be as follows:

Rubber tired scraper

Shaping, compacting,
sprinkling

Direct Cost

Overhead, 10%x .262

Engineering, 7%x .262

Interest during construction,
3months @ 4%

Contingencies,5%x .262

Profit 10%x 320

Unit Cost/cu. yd.

0.186

0.262

0.026

0,018

0.001

0.320

0.352
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This figure is roughly confirmed by independentestimates by a construction
firm of$O.35-.5O/cu. yd. (5-5).

cost.of It is assumed that the dike will be in the shape of an
Construction equilateral triangle, approximately20 feet at the base and

truncated at 5 foot altitude by a dike top 5 feet wide. The
area of this cross section will be 6.25 cubic yards/yard of dike.

This is probably small as a dike for an evaporating vat, A chemical company
having considerableexperience with evaporating vats uses dikes 10 feet across
the top instead of five feet, having a cross section of 7.42 cubic yards/yard
of dike. Leslie Salt Company, constructingdikes under quite different cir-
cumstanccson swampy tidal marsh, uses dikes 12 feet across the top, having a
cross section of 10,1 cubic yards/yardof dike (5-6). h will be seen, the
cost of vat construction,that is dike construction, is of significanceOnly
for unlined tanks and of importanceonly in the smaller sizes of these. An
average cost of land is taken at $100/acre.

cost of
Lining

almost seepage

Unfortunately, it seems unlikely that unlined earthen tanks will
be suitable for salt water service. Some earthen reservoirs for
fxesh water or waste water not containing salts have taken ad-
vantage of underlying strata of imperviousclay to form an
proof bottom. Seepage that occurs laterally on top of this

strata can be taken care of by seepage ditches, the flow in which is pumped
back into the tank. Concentrated salt water however has the effect of floccu-
lating (shrinking)clays. Clays, either as solid clay layers or as clay admix-
tures in the intersticesof other formations,gain their imperviousproperties
from their swelling properties. It is well know that clays will not swell in
concentrated salt water. The Leslie Salt experience (5-6) is expressed as fn]~owS:

‘The soil in the salt producing area is of a dense clay
consistency and tight enough to keep leekage to a minimum.
Even this soil at first is not tight enough to hold the
denser brine, and it is only after several years of
continuous flooding of an area that enough brine can be
held to start making salt. The natural precipitation of
calcium sulfate is believed to assist in gradually seal-
ing pond bottoms”.

Of the same tenor is the following (5-7) relating to pits for oil field brines

“Much of this damage is as a result of flocculationof
soil particles by the sodium ion. While salt pits are
still relatively young the clumping of soil particles
leaves tiny crevices between the grains of soil and
these fill with water and brine and thus keeping the
soil from packing. This newly flocculatedsoil com-
prises a virtual quicksand into which a man’s foot
can sink for a foot or more. Later, when the pit is
older and is dried out a few times, the flocculated
soil packs and becomes almost as hard and firm as
concrete. Even after the salt has leached from the
surface of such land the soil is too compacted to per-
mit the entrance of plant roots for many years.”
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Also the following (5-8):

*’Theinjury that salt does to soil is mainly the
peptization or dispersal of the soil particles such
that puddling and indurationtakes place. A salt
puddled soil assumes a porous condition as it dries
and becomes hard after which it is very permeable
to air...High concentrationsof sodium chloride will
also flocculate the soil particles...Becausebrine
from oil wells contains such a high percentage of
sodium chloride, soil colloids in the salt water pits
aro flocculated increasingthe effective pore size in
the soil and thereby permitting more water movement
both horizontallyand vertically...”

Also (5-9):

“~alt waterJ will not be confined in earthen pits.
Action of salt on soil is such that the water seeps
freely through earthen dams...Salt tends to floccu-
late soils and renders earthen ponds inefficientfor
impounding salt water.”

Also (5-10) it is know that the permeability of oil reservoir formation is
effected by the concentrationof salt in the waters. For example, if a reservoir
core is tested for permeability, it will show a permeability for fresh water much
less than the permeability for air. However, if salt water is substituted for
fresh water in the permeabilitymeasurement then the permeability rises again.
The core originallywas in equilibriumwith connate salt water. The clays were
flocculated,that is contracted, and allowed an open pore space for air passage.
When fresh water was used the clays swelled and plugged the pores. When salt
water is used the clays again were flocculatedand opened the pores,

Some of the above excerpts contain some interestingapparent contra-
dictions. It is indicated that salt water makes the SOilS porous so that the pit$
will not hold water. At the same time it is indicated that later, possibly after
drying out a few times, the soils become exceedingly hard and dense, so that roots
cannot penetrate them. It would almost seem that a soil which could be thus des-
cribed ought to make an imperviouscontainer for salt water. Consider also the
statement (5-7):

*’Theflocculated land surface is hard and barren, draining
rainfall with extreme rapidity and contributingmaterially
to flooding,”

.

‘The snlt than floooulatarnthe soil an the dike~ until
numoxoui tiny orevloet form and leak salt water to the
surface of the ground, lIna year or ao flocwlation
clumps the soil bmnsath tha ground level and the pit
laaks into the ground at a constantly increasing rate
sathar than onto the #uzface of the ground, In addi-
tion to #oluble material~ the brinea8 brought from
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the depths of the earth contains reduced substances,
soluble only in their reduced state. On exposure to the
the air these compounds oxidize and precipitate to
form a sludge on the bottom ef the pits. Unless re-
moved these materials will eventually seal the pores
resulting from flocculation.”

The possibility that the permeabilityof these salt water holding
. pits is only t.mnporaryand is self-curingor that brine retention may be

brought about by some sequence of operations is worthy of some technical
irnl’estigatian.However, such is beyond the scope of the present project

. and in any event thq main intentionof the writers of the above excerpts
is to convey the thought that salt water will seep out of unlined pits.

The cost of lining with 1!$2 inches of unreinforcedconcrete is taken
at $1.30 per square yard. Reinforced concrete and shotcrete linings are more
expensive; asphalt linings of some types are somewhat cheaper but l~st only
&IO years. Concrete linings have an average serviceable life of about 40 years
when cazrying fresh water. Some linings are known to have been in service for
60 years and more (5-11).

This study did not develop any experience figur~s for the life of
concrete used in concmtrated brine vats and the subject needs a more thorough
invcstigaticinthtincan be given here. Salt brine will apparently have little
chemical effect.on the concrete itself, The major action Comes in areas subject
to alternattiwf~l:tingand drying through the crystallizationof salts in the pores
of the concrete. This may be minimized, for example, in sea water structures by
proper proportioning,careful placement and careful curing (5-12). of pertinence
for the present study is the recommendationthat concrete for brine service con-
tain six or possibly as many as seven sacks of cement per cubic yard compared with
the four or five ordinarily used, Also, the aggregate should be adjusted to
contain a certain portion of fines in order to give high density (i.e. low per-
meability) (5-13) (5-14).

In addition, it is possible to use various protective treatments,
particularlymagnesium fluosilicateor zinc fluosilicateapplications, various
drying oils, and Cumar resins. The cost of the protective treatments has not
been investigatedin this study. The cost of the higher cement ratio would be
approximately$1.50 per cubic yard,
lining.

or about $0.06 per square yard of 1% inch
This would add approximately5% to the estimated unit cost taken --

but this adjustment has not been made in this report.

In the direction of cost reduction there is now under development a
method of lining reservoirswith soil-cementwhich has long been used for

. paving purposes. The bottoms of a few large reservoirs have been lined with
soil-cxment using the same methods of construction as used in paving. This will
cost in the neighborhoodof 60% of the cost of installedconcrete lining; here
taken as $0.8Q/sq. yd. (5*11) (5-13).

The results of calculations on the above data are indicated in
the following table.
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PER ACRE COST OF TANKS

Water Surface, Acres 1 ●r) 10 50 100 1000

Yards square 69.5 155 220 493 695 2200

[-andcost, $/acre 100 100 100 100 100 100

Total Cost, $/acre,

Unlined 712 373 294 106 161 119

~oncrete lined 7012 6673 6594 6406 6461 6419

Soil-cement lined 4572 4233 4154 4046 4021 3979

Interpolationcurves for these costs are given in Figure 5-1.

Investment Under the conditions chosen in the preceding the investmentcost
Cost for per gpd capability may be calculated as follows:
Evaporation
Facilities

where

At,,tank area required, acres

Etz evaporation-minus-precipitationfrom tank, ‘f/year

Q z capability,Mgd

The acres required will be:

20 Mgd

200 Mgd

2000 Mgd

20!, ~o,, w,,

13.4 6.70 4.47

134 67 44.7

1340 670 447
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FIGURE5-1
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The tank cost, previously arrived at, conforms to equations as follows:

Unlined, dollars z 100 At + 612 (At)%

Soil-cement,dollars = 3960 At + 612 (At)%

Concrete, dollars = 6400 At+612 (At)ti

where 100, 3960, 6400 are the per acre cost of land and lining = lU, 1S, lC resp.

The tank cost divided by the capability, 1000 Q, gives the cost per unit
capability. This becomes

$/gpd = 0.01344 lU, s, orc .],.=.L..d

or under the values of 1 taken:

$/gpd (unlined)

(Soil-cement)

(Concrete) ~+ 2.25= —,,

% - (QEt)~

Figures resulting from these equations are shown in Table 5-2.

TA13.E5-2

INVESTMENTCOSTS FOR EVAPORATINGTANKS
$/gpd

Eva~oration, in./vr. 1 10 50 100

Unlined
20
200
2000

Soil-cement
20
200
2000

Concrete
20
200
2000

1.84
1.50
1.39

53.9
53.6
53*4

86.5
86.2
86.0

.293

.184

.149

5.50
5.39
5.36

8.76
8.65
8.62

.09eo

.0493

.0339

1.139
1●090
1.075

1.79
1.74
1.73

.0638

.0293

.0184

.588

.549
● 539

.914

.876

.865

.

.



When the waste
must be applied to these
as follows, assuming the

.

Thus from saturatedbrine
of the gallons of waste.
this 11,5% correctionmay

5-9

consists of concentratedbrine, a correction factor
figures to allOw for the salt content. This factor is
salt has the properties of NaCl,

Concentration Gal. water

ppm Gal. waste

5,000 .9975
20,000 .9922
80,000 .9709
160,000 .9372
200,000 .9178
260,000 .8052

the gallons of water to be evaporated is only 88.5%
The accuracy of our cost calculations is such that
be neglected.

OPERATINGCOSTS FOR EVAPORATION

‘Experiencefigures for operating costs of earthen tanks, evaporating
or storage,wcrrilotdeveloped in the course of this study, Although a number of
installationshave such tanks, the operating costs are either includedwith other
general plant and maintenance costs or else contain items extraneous to our
purposes such as collection and pumping costs. The operating costs would be com-
posed almost entirely of depreciationand maintenance.

The closest approach to a figure on maintenance costs may be obtained
from reference (5-15)which indicatesthat maintenance costs at 1950 EN cost
index are $6.00 annually per hundred foot of a concrete lined canal of capacity
1,000 Cfs. The same reference indicates that a 1,000 cfs canal of 30 foot bottom
width would have 7.4 square yards of lining per linear foot.of canal, Combining
these figures we obtain an annualtr.uin~,e!lancecost of $39,20 per acre of lining
which is $0.107/acre day. Maintenance costs on unlined canals are cited at $10,50
instead of $6.00 but most of the maintenance for unlined canals consists of
eliminatingweeds. Since weeds will not grow in brine ponds it can he assumed
that maintenance costs of unlined tanks will be the same as for concrete lined.
It is likely that the per acre cost of maintenance should drop as the total acre-
age of tanks increases. Ilowever.for simplicity,we have used a constant per
acre day maintenance cost.

.
The number of acres required may be calculated by

. acres required per Mgd = 13.44

Et

Maintenance costs at the $0.107 figure are:

maintenance cost $/Mg= ~

Et

Note that maintenancecost depends only on evaporation rate.
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Depreciationplus interest on depreciatedbalance is not available in
reference (4-12)for the 40 year term. Accordingly the interest is calculated for
simplicity on the straight line basis rather than on the depreciated balance basis.
The operating costs other than maintenance thus taken are:

Depreciation - 40 years 2.5%
Interest - 40 years, 4%

straight line 2.0%
Taxes 1.0%
insurance 1.0%

TOTA[, 6,5% per year on investment
cost.

The cost of these items per thousand gallons may be calculated as:

$/gpdx 0.178 = $/Mg

The combination of all the above data into a total cost is contained in Table 5-:L

TABLE 5-3

OPERATING ~OST, EVAPORATION
$/Mg

ulLiJwi

on. 10 in/~
.

20 Mgd .196
200 “ .177
2000 “ .171

40 *
20 Mgd. .056
200 “ .046
2000 *’ ● 043

100 ~
20 Mgd ,0258
200 “ .0196
2000 “ .0177

Soil-CemenL

1.122
1.103
1● 097

.2876

.2780

.2749

.1184

.1122

.1103

1,700
1● 681
1.675

.432

.422

.419

.1762

.1700
● 1681

.

.

.——
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Combining with the equations already developed for investmentcosts,
(page5-8):

operating cost, $/Mg, unlined = 1.68 + 0.400

E
t

(QEt)%

. Soil-Cement = 10.94 0.400
—+—
Et (QEt)~

.

Concrete ~ 16,72 +0.400——

Et (QEt)%

interpolationcurves based on these equations are shown in Figure 5-2.

Nonuniform The above analysis assumes the simple case that net evaporation
Annual is uniformly distributedfrom year to year. Consider the tanks
Evaporation designed for 20 inch and 60 inch net evaporation. In the 20

inch case enough brine is being fed to the ponds so that if no
net evaporation occurred the pond level would build up at the

rate of 20 inches per year. The dikes are five feet high and allowing one
foot of freeboard there remains four feet of space to contain the accumulated
brine. This means that such an installationcould safel,yweather two and a
half years of zero net evaporationwithout overflowing the ponds. Tndeed the
evaporation rate under normal pond operation would probably be found t.oex-
ceed 20 inches a year since the evaporationrate increasesas the layer of
evaporating brine becomes shallow. The standard evaporationrates used in the
next section refer to deep lakes with little influence from shallows.

On ‘theother hand, vats designed for 60 inch net evaporationwould
accumulate 60 inches per year if the net evaporationdropped to zero. The
frequency of such an occu~renrewhere the net evaporationaverages 60 incht~
per year is, of course, very small, yet even one year of 12 inch net evapora-
tion would fill the tanks to the freeboard. Deeper tanks would be required in
order to provide storage for this accumulatedbrine until years of higher than
average evaporationcould take care of it.

A statisticalanalysis of the frequency of low evaporation years would
be required to arrive at a design depth for a calculatedrisk in each case..
Such a statisticalanalysis is not possible within the scope of the present
study. On the other hand, deepening of the tanks does not add a great deal per-
centage-wise to the tank cost for the soil-cementand concrete lined construction

. for in those cases by far the greatest part of the cost consists of the lining,
the cost of which does not vary significantlywith depth.

Seepage The foregoing calculationsdo not take into account seepage losses
Losses from the three types of tank structures. Seepage losses will have

two effects, one, the pollution of the ground water,or two, the
expense of collecting, sumping and repumping the seeped liquor. The latter might
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be done by means of undexdrains laid at the time of constructionof the reservoir
and run to a central sump say one for every 100 acres of tanks from whence it is
repumped into the tank. A little thought will reveal that the efficiency of utider-
drains is related to the relative permeability of the tank bottom as compared with
the subsoil through which the seepage occurs. If the tank bottom is fairly pervious
such as in unlined tanks underdrainsmight collect a gocwldeal of the seepage but
they could not collect all of it unless they cover the entire projected area of
the tank and were absolutely impermeable. tJnderdrainswill collect a smaller
percentage of the seepage as:

the permeabilityof the tank bottom decreases
the permeability of the subsoil increases
the per cent of the projected area intercepted

by them decreases, and
the permeability of their own materials of

construction increases.

Some of these relaiions can be visualized if one considers underdrainsunder a
concrete lined reservoir. Even if the underdrainscover 100x of the projected
area they will collect O% of the seepage if their permeability (feetper day) is
the same as that of the concrete lining. T~ the extent that it is pnssible to
have such an impermeablematerial, then it would probably he better t.omake the
reservoir lining out of that material in the first place. Considerationsht[ch
as this indicate that underdrains are only of value when there is a considerable
amount of seepage and that they cannot collect a very great proportion of that.

A differen~ situation arises when the reservoir, though th~ bottom be
permeable, rests upon an “impermeable”clay layer or the like. In thnt case,
seepage from the permeable reservoir bottom would be downward to the “impermeable”
clay layer and then laterally. In that case interceptionditches surrounding
the area and reaching into the clay layer will intercept the seepage satisfactorily
for the purpose intended. However, it is to be recognized that even in this case
downward seepage through the “impermeable”clay layer is still continl~:.ngand the
seepage of the entire system in feet per day will equal the seepage of the clay
layer.

In the present study we are pending a waste that has no self purifica-
tion properties and we intend to do it over a period of at least scores of years.
Accordinglywe are seeking a seepage rate which must be the absolute minimum.
This turns out to be an elusive figure.

Considerable data exist in the literature on the seepage rates through
various types of soils but these are largely in the region of water movement rather
than water containing. While a complete study has not been made in this pre]imi-

“ nary survey, data published in Reference (5-15) on seepage losses from lined and
unlined irrigationcanals has been considered. Values found are: gunnite .03,
cu. ft./sq. ft. day, average of two values: soil-cement .09, average of 7 values;

. concrete .07, one value. There is considerable variabilityamong thp data. Some
measurementson soil-cement lining for example gave the same seepage values as f~r
heavily compacted earth linings. The best values noted in any case are .05 given
for two out of two gunnite measurementsand two out of seven soil-cementmeasure-
ments. Thus, the very best seepage measurements available correspond to 130
inches per year of seepage loss or about 10 Mgd/acre.
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That this seepage rate is startling may he realized when it is recalled
that we are intending to evaporate 20 Mgd in the 40-60 inches per year evaporation
region in approximatelyfive acres of tanks. According to the above seepage figures
5 acres of tanks of the very best possible constructionnamely concrete lined, would
lose the wasLe by seepage about two and one half times as fast as it was put in.
Obviously, the subject needs further study.

A preliminary analysis .sl~ggestst},atthe 10SSE.Snited abovp are largely
evaporation losses rather than seepage losses. Reference (5-16)presents the
same data as Reference (5-15). The text indicates that the measurements of in-
terest were made by the pending method, that is, blocking off a section of an
irrigationcanal and measuring the drop in the water surface -A but.the text makes
no mention of correcting for evaporation. The text of Referenrc (5-15)which
largely duplicates Reference (5-16) states that the tests rited were made during
the 1949 irrigationseasOn hy constructingearth dikes across the Ft. Lararnie
~anal and that “evaporationdata taken during the test proved to hav~ a negligible
effect on the rates”. This statementmay he subject to questioning. .03 feet
per day corresponds to about 11 inches per month, Thffmeasurements were made
in the irrigation season, presumably summer, when an area having a 60 inch per
year evaporation might easily show an eleven inch per month evaporation. Thus,
it is possible that all of the observed drop in water lellelcould have come from
the normal evaporation to be expected, Seepage rates are calculated in terms of
square feet of wetted area whereas evaporation is based on surface area which
would usually be smaller. Nevertheless it is difficult to se~ how under normal
circumstances the evaporation could have been negligible compared to the measured
water drop.

While .03 feet per day may be considered a satisfactory seepage 10s$

from an irrigationcanal the calculations above show that it is excessive for
o waste evaporating tank. The importancelies in the pollution aspert rather
than in the cost aspect. Calculated usinq some of the conce~ts and dnta of
~hapter 4 the
operating aga
to

cost of fixed charges and o~her operating expenses for sump pumps
nst a 10 foot head for 100 acre vats having .03 seepagp would amount

,0794
— , $/Mg of waste evaporated.r

1:,

t

At an annual evaporation of 10 inches this would amount to $.008/Mg, at 100 inches
$.0008/hlg. For most purposes these are negligible figures and thus are not in-
cluded in evaporation costs cited above.

But on the basis of pollutinn it is recommended that a thorough study
be made of seepage losses from reservoirs of various construction,methods of
reducing them, and methods of collecting th~t irreducibleminimum r, seeped
1iquor,

BRINE E’VAPOILATIONRATES IN TIIEU. S.

Rates of The knowledge of evaporation from free water surfaces has
Brine Evaporation recently undergone a significant advance as a result of

cooperative studies by the U, S, Geological Survey, the
Navy Department, The Bureau of Reclamation, and the Weather

Bureau (5-17). There it is shown that the rate of evaporation from FIstandard
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Weather Bureau Class A evaporating pan is proportional to the difference between
the saturated vapor pressure of the water and the partial presslircof water
vapor in the air. It was later shown (5-18) that a better fit is obtained when
the rate is made proportional to the 0.88 power of the above difference; but the
difference between the two does not affect the calculationsof the present report.
Under cert~in idealized conditions the application of a coefficient to the measured
pan evaporation gives the evaporation observed from large natural bodies of water.
This coefficient varies with the type of pan. For the Weather Bureau ~loss A

. pan it is 0.70. For the Bureau of Plant Industry pan it is 0.91. The remaining
differences from ideality are taken into account by correction terms applied be-
yond the application of the coefficient. These differences from idealityalso

. cancel out iIY the calculations of this report because they are virtually the same
for brine as for water.

The evaporation of ttrineunder the same meteorological,conditions will
be different from that for water because the saturated vapor pressure of the brine
is lower than for water. For that reason, the evaporationwill be less, Com-
pensating for this Iowtiringhowever, is ‘thefact that since the evaporation is
less the temperatureof the surface layers will be higher. The quite tedious cal-
culations necessary to relate pan evaporationof brine to pan evaporation of
water have btwwimade by Harbeck (5-19)for one set of conditions. The resulting
ratios Ebriu6 lJFvlaterfor salt concentrationsof 260,000 ppm and 150,000 ppm are

shown in Figure 5-2 where

r
brine =

evaporationof brine from Weather Bureau Class A
pan, inches per year.

E evaporation of water from Weather 13ureauClass A
water = pan, inches per year.

While strictly these ratios should be calculated for the existing values of
the other parameters (humidity,temperature of the air, difference in temperature
between air and water surface, and pressure) the calculationswould be too
lengthy for this exploratory study and it is instead assumed that the Harbeck
ratios apply to all conditions of interest.

Accnracy of The accuracy of the Harbeck ratios has not been adequately
Brine-to-Water tested against a wide range of experimentaldata, for as
Ratios a matter of fact surprisinglylittle experimentaldata on

solar brine evaporation is available. [larbeckwas apparently
able to find only one measurement against which to check

his calculations (5-20). Recently aqother study has been undertaken in Israel
. (5-3) in which it is shown that evaporationof saturated salt brines from SP~Cia~

pans is proportional to the vapor pressure difference between brine and air as is
the case with water. The proportionalityconstant obtained was about 0.88 com-

. pared to a constant of 1.0 obtained by Rowher for a small pan with water. liowher~s
pan coefficient (to obtain lake evaporation from pan evaporation)was 0.771 com-
~ared to the Class A Weather Bureau Dan coefficient of 0.70. Combining these.
~oefficientsand ratio results in a brine-to-waterratio
from the Israel salt pans compared with evaporation from
water pans,

of 0.80 for evaporation
standard Weather Bureau

F
Tsrael = ‘“m %B
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Unfortunatelythe pan-to-lake coefficient for the Israel pan is not given and
thus the ratio 0.130includes not,only the brine to water ratio but also the
Israel to Weather Bureau pan nonefficient.If the Israel pan coefficient is
.70 then the brine-to-waterratio will be .80. If the Israel pan coefficient
is more nearly like the EWI pan coefficient,say .90, then the salt-to-water
ratio will be 0.62. However, since the Israel pan was of quite special con-
struction it is probably idle to speculate on its coefficient. The best con-
clusion that it is possible to draw from the above informationis that probably
the Israel evaporationexperiments are not greatly at variance with the Harbeck
ratios.

However, quite to the contrary and quite striking is the statement
in Reference (5-6)

“Evaporationrate decreases as the strength of the bzine
increasesuntil nt the bittern stage the rate is about 30
per cent that of fresh water. Evaporation rate is en-
hanced by the increased heat adsorption from algae and red
organism growth in the brine”.

This indicatesa brine-to-waterratio of 0.30 even under enhanced heat adsorp-
tion conditions and such data does contradict the Harbeck ratios. 0.30
incidentallyis the ratio that would be obtained under average conditions if the
reduced vapor pressure effect alone played a part without the compensating in-
fluence of increased temperature in the surface layer, Possibly the I,eslie
Salt brines contaminated as they are may also contain organic materials which may
form evaporation-retardingmonomolecular films.

At any rate it is obvious from the above that the solar evaporation of
brine is not a thoroughly investigatedsubject and that any figures used must be
open to some suspicion. In the present study we will use the Harbeck ratios since
the theoreticalreasoning on which these ratios are based has been thoroughly
tested in all parameters in the case of fresh water, and the mechanism by which
brine evaporation differs from water evaporation is thought to be thoroughlyunder-
stood. Nevertheless additional experimentalwork should be undertakm to obtain
design factors for solar brine evaporation.

Areas Where Using the Harbeck ratios, brine evaporation rates may be
Brine calculated from pan evaporationrates for water observed in
Evaporation standard evaporation stations of the Weather Bureau and
is Possible other agencies (5-21). Table 5-4 shows the results of the

following types of calculation,using the following
symbols:

‘o = gross evaporation from water pond surface inches/year

P = precipitation inches/year
Eo-Psnet evaporation from water pond surface (evaporationminus

precipitation) inches/year.

E150 = gross evaporation from brine pond of 150,000 ppm, inches/year

F“260 =gross evaporation from brine pond of 260,000 ppm, inches/year.
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TAB.E 5-4

BRINE EVAPORATIONRATES IN [J.S.

State Station Ppt’n. ‘o
~ ..p

‘150”P ‘2(O-Pin. yr.
(5-42)

in.lyr.

Arkansas

Oklahoma

Texas

New Mexico

Colorado

Utah

Arizona

California

Nevada

Stuttgart
Ilope
Russelville

Norman

Ysleta
Austin
Beeville
College Station
Ilenison
Spur

Elephant Butte

Pueblo

Lehi

Yuma
Tucson
Mesa

Davis
Fall River Mills
Lodi
Oakdale

50.37
49.50
46.90

33.02

8.56
34.43
30.8
38.66
33.51
21.30

9.41

11.54

12.68

3.58
11.16
13.53

16.43
17.14
17.10
14.08

Chula Vista ca 10,1

Boulder City ca 5

35.5
41.5
37.6

43.4

69.4
47.0
53.5
44.7
51.9
57.6

72.5

53,6

45.6

62.0
58.0
$6.4

46.3
43.4
48.4
55.0
43.5

84.4

-14.9
- 8,0
“ 9“3

10,4

60.8
l~i6

??,7
6.0
18.4
36,3

63.1

‘42.1

3?.9

58,4
46,8
4?.9

29.9
26.3
31.3
40.9
33.4

79.4

-18.8
-12,5
-13.5

5.6

53.4
7.6
16.7
1.6
12.7
30.2

55.6

36.5

27.8

52.0
40.3
36.8

24.5
21.5
26.1
34*9
28.7

71.0

-23.6
-18.0
-18.5

0

44.0
1.4
10.3

- 4.7
6.2
22.7

46.6

29.6

21.9

44.4
33.3
29.7

19.4
15.9
19.8
28.2
23.1

.

60.5
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1$ is obtaine(iby applying the correspondingcoefficientsto the pan evapora-
tion listed in Reference (5-21). El o and ~~6~ are obtained by applying the

# Ps 1, happens,appropriateHarbeck coefficients to .~. over the entire range of
l?Ocuvered in the 21 stations in Table 5-4 the Harbeck ratios vary very’little
from their average values (for the 21 stations) of 0.765 for the 260,000 ppm brine
and 0.892 for the 150,000 pprnbrine.

The data for net evaporation from saturated brine is shown geo-
graphically in Figure 5-4, The lines of equal evaporation shown are of course
very rough. They should be refined and extended in subsequent studies. They
are adequate however to show the region of appreciableevaporation from saturated
brine is quite restricted.

Historically,and indeed at present, brine has been evaporated to
crystallizationin regions which are in the lower evaporation areas on this
Figure, for example San Francisco, and even in regions which are far outside the
“possible” area, namely at Syracuse, New York. The explanation is that both of
these installationsare concerned with the production of salt rather than the
evaporation of water and reduction of volume thereby. P.tSan Francisco (5-I)
(5-6)evaporation occurs only during the summer months and harvesting of the
crystal crop is done before the onset of the winter rains. The winter rains do
not influence the operation because the rain that falls into vats is run off into
the hay before the salt water is let in again in the next season. ~h~s, of
course is not possible for our purposes where the pond must be in use 12 months
of the year and must collect all the rain that falls on it, At Syrar,usethe
evaporating vats were not only taken out,of operation during the winter time
but were even covered over with wooden covers during every rain storm (5-23),
Neither of these devices, of course, can be utilized for our purposes.

Maximizing However, it is possible to utilize some operating procedures
Evaporation which will maximize the overall evaporationrate of the waste
Rate brine. It has been demonstrated (5-3) and patented (5-24)

(5-25) that the addition of certain dyes to solar evaporat~
ing vats can result in a practical increase in evaporation

rate. Under the meteorologicalconditions in Israel theaddi”tinnof 0.57 pounds
of 2-napthol green per Mg of brine resulted in an evaporation increase of almost
20 per cent. The dye did not precipitatewith the crystallineproduct. An
empirical equation for the curves in Figure 5-2 has an exponent of about 1.0.
This means that a 20 per cent increase in evaporationwould result in a 20 per
cent decrease in cost of evaporation. Thus at low values of evaporation rate
around 10 inches the cost would be reduced by $0.02/Mg while at high values of
evaporationat cost of around $0.01 it would be reduced hy $0.002. Tf the vat
were being used as a crystallizingvat the mother liquor remaining could be pumped
out before the crystals were harvested and thus there would be only a small use
of dye. If the vat were being used for concentratingprior to injection or pipe-
lining then of course the dye remaining in the mother liquor would be lost. In
this case the dye would have to sell for less than 50 cents per pound in order
to just break even, even at the low evaporation rates. While at first glance the
situation looks uneconomic for our purposes it might be worth some further study.

In those cases where it is necessary to evaporate a dilute brine
operationalproceduresmay maximize the evaporation rate. For example, if a
dilute brine is simply dumped into a vat which already containsconcentrated
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brine or solid salt and if mixing is allowed to take place, then the entire
volume of brine will become concentratedOr even saturated and will suffer the
low evaporationrate of concentratedbrine. However, as much water must be
evaporated to go from 6 to 12% as to go from 12% to saturationand therefore
it is advantageousto keep the brine segregated so that at least half of the
watm may be removed at the high rate characteristicof 6-12% brine. This might
be accomplishedby cascading the separate vats thus bringing about segregation
of the brine according to concentration. The same effect might possibly be
accomplishedby careful introductionof the dilute brine into the evaporating
vat containing solid salts or nearly saturated brine. If this is carefully done
it may be possible to stratify the brine so that the fresh brine remains on the
surface and evaporatesat its own characteristichigh rate. Both of these
possibilities should he studied further from both the technical and economic
standpoint. In the present study, it is only possible to assume saturated brine
evaporationrates for high concentrationwaste brines and for the evaporating
t.odryness process. For the process of concentratingto saturation rates charac-
teristic of 150,000 ppm brine which are about half way between saturation and
pure water should be taken. The area in which evaporation is possikde for
the 150,00Q ppm brines is of course somewhat greater than that represented on
Figure 5-4.

Brine To facilitate geographicalcomparisons an attempt was made
Evaporation to (:orrelatenet evaporation,brine with net evaporation,
Correlation water and since the correlation is new and unexpectedlygood

it is presented in Figure 5-5. I

Attention is directed to the lowest line on that Figure which
correlates net evaporation for saturatedbrine with net evaporation for water.
Despite the range in EO-P from -15 to -MO and despite the variation in pre-
cipitation occurring over the wide geographic area from Arkansas to ~alifornia,
these points fall on a remarkably good line, The equation of that line is:

‘E260-P)= ‘EO ‘p)-0”2%E0

When P approaches O or when EO is large with respect to P then

(E,60-P) ~ 0.765 (EO-P)L

. Not only mathematicallybut also physically it happens that when EA is large
P is quite small -- in o~her words, regions of
have very low rainfall. Thus, at large values

.

‘E260-P)= 0“7fi ‘EO-P)

very-high evaporation” generally
of E. the curve merges into
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At l,owervalues of EO-P the curve begins to deviate from this straight line.
When (EO-P)=O then:

%60-P)
= .0.235E0 = -0.235P.

The intercept on (E -P)=O, and thus the general direction of the curve,
depends on the actu~l magnitudes of E. and P at that point.

The uppermost curve in Figure 5-5 shows that EO is also a somewhat
regular function of OZO-P]which crosses EO-P s O at about 41.

41 X (-0.235) = -10.0

which is the observed interceptor (rp~&P).

Figure 5-+ allows a determination,with some confidence, of net
brine evaporation directly from net water evaporation. It shows that Wl~PrP
net evaporation.watnr is less than 10 inches,saturated brine r.rmnothe
snl:irr,onccntriitmlat all.
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CHAPTER 6

OPERATION: INJECTION

.

synopsis . CURRENT PRACTICE - INVESTME~ COST OF
INJECTIONWE[J.S: Contract Cost of Drilling -
Cost of Casing and Tubing, Economic Pipe Size,
Cementing, Acidizing, InfectivityProfile, Elec-
tric Logging, Total Cost of InjectionWells -
OPFYATING COST OF INJECTION: ExperiencedOpera-
ting costs, Power Requirements,ObservedCasing
Head Pressures, Other E3cperiencedOperating Costs-
THE CAPACITY OF UNDERGROUND STORAGE - RLTERENCES

Synopsis After a review of current practice in waste injection, the in-
vestment”costof injectionwells is developed. The operating
cnst under selected conditions is determined as well as
capacity of underground storage.

CURRENT PRACTICE

Injectionof oil field fluids underground for
ing and sometimes for disposal alone is common practice
common is the mactice of iniectina industrialwastes.

disposal and repressu~-
at present. Less
There are a large number.

of papers and a large number of installationson the former subject, a few
papers and very few installationson the latter.

In oil field practice the largest operation and the most advanced
technically through long years of experience is that of the East Texas Salt
Water Disposal Company of whose operation a detailed study was made for thi?
report. Over one and one-half billion barrels of salt water have been in-
jected in the 95,000 acre field over the past 10 years, following extensive
experimentsbeginning as early as 1931. While at first casing and tubing
sometimes specially treated for corrosion resistance was used, the current
practice is to use 7“ bare casing and cement all the way to the surface from
the 3700t depth of the formation. Corrosion is most severe at 400-600 feet
but on the outside rather than on the inside of the casing. This is due to
a gypsum water which occurs at that level. (6-1) (&2) (6-3) (&4)

An earlier system consisted of using both casing and tubing. The tub-
ing was new, corrosion proof and carefully jointed, sometimescementlined. pack-
ers (to contain the pressure at the bottom of the tubing) were not used because
of corrosion and hazard. Instead, the pressure of the injection fluid was counter-
balanced by oil in the annulus between tubing and the casing. (&5) There is
a large literatureon case histories of injection and water flooding projects,
unfortunatelyfor the most part not detailed and comprehensiveenough for use in
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the present study. Average wells take 100 Mgd and a number of the larger wells
take 42&550 Mgd. Depths vary from 1500 feet to 11,500 feet.

A few chemical plants are starting to dispose of liquid wastes under-
ground. The Upjohn Company at Kalamazoo disposes of 100 Mgd of wastes to forma-
tion at about 1500t through two wells. (&6) The injectionpressure is about 900
psi. The wells comprise 7“ OD casing cemented, and bearing 2%” tubing. (6-6) (6-7)
Parke Davis &~o. at Holland. Michigan operated from 1952-1954 and presumably to .

the present an injectionwell to 1400 feet comprising a 7“ casing and a 2“ tubing
which can be replaced if it corrodes. (6-8)

It is said that the city of Houma, Louisiana is disposing of sewage to
an 800 foot salt water aquifer. (6-9).

Other disposal wells have been used (6-10)at the McCarthy Chemical Co.,
Winnie, Texas, (now defunct), Magnolia Petroleum Co., Fretnont,Texas, and a chemical
plant in Oklahoma.

INVl%TMENTCOST OF INJECTIONW13.LS

Rule of thumb figures for the cost of injectionwells have been obtained
as follows:

Contract References(6-11) and (6-12)report a survey of 1956 of contract
cost of prices for oil well drilling in several parts of the United States.
Drilling Prices are shown for footage and for day work, together with the

number of days on day work for most of the wells. Footage prices
are the prices per foot of hole drilled. In addition it is cus-

tomary to charge for SUCh on-the-job time as is not devoted to drilling - for ex-
ample set-up time, setting casing, and the like. The latter varies from job to
job depending on a number of circumstances. Of the data in the references 65
wells contain complete informationon depth , footage rate, day work rate and
days on day work. The footage prices themselves appear to be a linear function
of well depth. Day work cost as a per cent of footage cost varies greatly and
shows no trend. About three quarters of the cases show day work costs between
three and sixteen per cent of footage cost. 60%of the cases lie between 4 and
14%. It was decided however that the variation was too great to be used in cal-
culating. Figure 6-1 therefore shows the footage-plus-day-workprices for all
65 wells. The spread is naturally greater than for footage prices alone. The
best line for our purposes is conveniently taken as

U=O.KW

where
U= unit price (footageplus day work), $/foot

W= depth of well, 1,000 feet ‘

80% of the data lie within $1.50/foot of this line,



6
.
3

,+-+d1
.j

.
.
4
.
;
!

\
.
,.,
.
.

i
!
.
\
.
J
.
.
–
–
l
J

....,
I

+
+

+
-+

I
~
I
I
“
”
-
”
l
”
-
-
-
*
-
”
-
”
”
l

‘
‘

‘
J

I
:

.L
L

-J
—

.
L

I
1

-L.—
:

Y

‘-”’TM

,.-—
- !

+
--l-v~

--
I-
1

I
i.,

t
+
w
.
-
h
w
w

)
:
.
.
.
l

:=:!-I
~
“”-”1

””
1
:
.
:
:
U
X
:
:
”
I
”
-

I
t
i

:
t
i
.

.
::.
-

:
;
:
.1“
1
1

I....i-
t“

1
t

::I
I

+0

I:om
m

h
uovm

~



6-4

$3.00 per foot seems to be a minimum price and there is indicationthat the
per foot cost increasesbelow 3,000 feet. An estimate has been used for these
shallow depths as shown by the dashed line.

cost of Since literature data were not found on tubing and casing prices,
Casing & inquirieswere made.(6-12) (6-13) The prices obtained are shown
Tubing in Figure 6-2 as price per foot per inch of inside diameter. As

salt water injectionwells must be well constructed to avoid
leakage, new casing and tubing have been chosen for our calculations.

As indicatedpreviously, some injectionwells are operated with tubing,
but the currently developed practice of the East Texas Salt Water Disposal ~ompany
comprises using a bare casing as a conduit and cementing all the way to the sur-
face. Calculationswere first made for wells using tubing and casing without
cementing. Revised calculationsused here for bare casing with cementing come out
just slightly lower than the earlier calculations.

Economic While the calculation of economic pipe size for an actual case
Pipe Size could become fairly complicateddepending on the exact hydraulics

of the well, for our purposes they are taken from a standard
economic pipe diameter nomograph (4-13)as follows:

Mgd 20 200 1,000 2.000

Economic ID inches 1.5 3.7 7 11

Nominal tubing or
casing size, inches 2 4 7 13 5/8

Approximate velocity
ft.lsec. 1.3 3.5 .. 4.0

Approximate friction
head loss, ft./1,000 ft. 5 17 .- 6

The head loss shown for the 200 Mgd seems out of line. Five inch pipe would give
a head lOSS of five feet. However 4 inches is standard size and so will be used.
Two inch tubing for the 20 Mgd would be used if tubing were to be used. However,
when bare casing is to be used it is doubtful that casing below four inches in size
would be set. Accordingly, in the calculations here presented the four inch size
is used for 20 Mgd as well as 2(33Mgd.

It is customary in drilling practice to use two or even three different
sizes of casing in reaching completion depth, and this has been taken into account
in the present calculations. For example, the 1,000 Mgd well at 10,OOO* depth is
composed of 400’ of 10 3/4” surface casing, 3100? of 9 5/8” and the lowest 6500’
of 7“. The 200 Mgd well at 4,000’ is composed of 400’ of 10 3/4” surface casing
and 36001 of 4“. The 2,000Mgd well is composed of a strnight run of 13 3/8”
casing which is not conventionalpractice in oil well construction.

●
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Cementing Cementing costs are composed of a charge for the cement, plus a
charge for the cementing operation. (6-14) The per sack cement
costs are as follows:

Cement $ .81 (6-15)
Handling charge .35 (6-16)
hauling ~harge
($0.10/tonmile) .47

TOTA[, $1.63/sack

The hauling charge was arrived at in the following way. One of the major cement-
ing companies has 58 stations in 11 southwesternstates, an average ar@a of 2L5W
square miles per station. If the stations were uniformly distributed each would
be in the center of a square 147 miles on a side, 208 miles diagonal. While the
stations are actually not evenly distributed, in compensation the other cementing
companies presumably have stations which cover some of the intermediateterritory.
Accordingly,an average haul of 100 miles is assumed. A sack of cement weigh$
94 pounds.

The charge for the cementing operation is based on the number of pumping
trucks used.(6-14) A single truck can pump a certain number of sacks per hour.
When the amount of cement required is large, it may requ’iremore than one truck
to get it in within the allowable setting time. This is especially true in deep
wells where hiah tem~eraturesand thus short setting times are encountered. How-
ever, for our

The

~urpos;s a single truck is assumed. -

charges have been calculated into per foot costs as follows:

Depth Mf 1 2 3 4 6 8 10 12

$/foot .23 ●15 .10 .08 .06 .05 ● 05 .06

Reference (6-17)gives the figures for the number of sacks of cement per linear
foot for various combinations of casing and hole. These figures have been
used in the present calculation which are too detailed for presentation here.

Acidizing Acidizing is a process of forcing acid into the formation to open
up larger pores and thus to increase the production or infectivity.
About 90’)’)of the producing oil wells have been acidized and about
20% have been fractured. (6-18) Several hundred water wells have
been acidized. (6-19) Increases in production or infectivityof

150% and more are to be expected although a small percentage of cases show very
little response. Since high infectivity is very much desired it is here assumed
that all injectionwells will be acidized on completion (as well as at intervals
thereafter).

.



Acidizing
Gulf Coast. (6-19)

costs are based on
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the following applicable in the

Pump truck

Mud acid (for nonl:
formations)

Hrl (for limestone

$210.00(increasesonly
nominally with depth]

imestone
.51/gallon,minimum 500 gals,

formations) .19/gallon

Acid per f~ot of perforation
or open hole 100 gallons

The number of feet of perforation or open hole is subject to wide
variations from fornmtion to fo~ation and from ~ield to field.’ Reference
(6-20) gives the average net productive thickness by region of oil bearing
formation in a large number of fields in the Southwest. The range of the
average for a given region and formation runs from 7’ to 158W and the average
of 83 such categories is 23.8 feet.

As a reasonable estimate for our purposes, we may take the average
productive depth, 25 feet, and a more favorable case of twice that amount of
50 feet. Acidizing costs, which are practically independentof well depth
then would rar~geas follows:

Nonlimestone formations $1270 $2750

Limestone formation 68s 1160

As an over-all average we may arbitrarily take $1500 per well for
the cost of aridizing.

Infectivity It is probably desirable to run an infectivityprofile of the
Profile well.to determine the areas which will take water. This will

cost about $500. (b21)

Electric The well should be logged at least with the standard self-
Logging potential and three resistivity logs, the cost of these calcu-

lated as a function of depth is as follows. (6-22)

Depth Mf. 1 2 3 4 6 8 10 12

$/foot .29 .1.7 .14 .13 .12 .11 .11 .10



Total The cost of injectionwells here calculated is thus made up of
cost of the following components:
Injection
Wells Independentof depth and capability

Acidizing, infectivityprofile

Dependent on depth only
Cementing service, electric logging

Dependent on depth and capability
~Pmfmt.,drillinq, casina .

In choosing the per foot drilling cost.in Figure &l, the higher level of the
range shown has been used for the 2,000 Mgd well because 13 3/8” casing to the
full depth of the well is a condition probably not included in the data from
which the Figure was drawn. The 20Mgd well is considered to have the same total
cost as the 200 Mgd well since it is unlikelythat casing smaller than 4“ would
be used no matter how small the flow. The sum total of all the above is shown in
Table 6-1 and plotted in Figure 6-3.

TABLE 61

COST OF INJECTION

Q
Mft

2000 Mgd

$Ift. $/gpd

1000 Mgd

$Ift. $/gpd

1
2
3
4
6
8
10
12

10.94
8.74
9.33
9.87
11.42
13.08
14.78
16.50

.0055

.0087

.0140

.0197

.0344

.0523

.0740

.0992

9.34 .009
7.00 .014
7.04 .021
7.32 .029
8.99 .054
0.43 .083
2.27 .123
3.58 .163

WELLS

200 Mgd

$Ift. $/gpd

8.61 .043
5*97 ,060
5.48 .082
5.47 .109
7.06 .212
8.75 .350
10.70 .535
12.58 .756

20 Mgd

$Ift. $/gpd

8.61 ●43
5.97 .60
5.48
5*47 1:%
7.06 2.12
8.75 3.50
0.70 5,35
2.58 7.56

*





OPERATING COST OF INJECTION

Experienced Experienced operating costs of the chemical injectionwells
Operating are not available because they are usually operated as a part
costs of the utility function and they do not have a long enough

record of operation to develop depreciationcosts. Consider-
able cost data is available for oil field injection either

for salt water disposal or for repressuring. For example, some California plant$
((P23)show costs ranging from 0.25-2.OC/bbl.,equivalent to approximately
$.06-.48/Mg. This is for single well plants including the treatment costs and
gathering costs, The East Texas Salt Water Disposal Company (6-24) operating
about 60 wells shows 1956 costs of 1.33$/bbl. equivalent to about $.32/Mg but
this also included treatment costs and extensive gathering lines. The “plant
and well” expense alone for 1956 was $,137/Ng. This included the treatment cost
but did not include general and administrativeexpenses

Figures such as these give a general idea of what is to be expected
but do not serve our purposes because the extraneous costs cannot be withdrawn.
Therefore, it will be necessary to calculate operating costs.

Powez Re- An important part of operating costs will be the cost of
quirements energy and pumping equipment. This bears a highly compli-

cated relationship to the number of well parameters as
discussed in the following.

The steady state flow through the face of a well is given by

Q= 0 789 khAP
~lg re/rw

where

&lo

Q =Mgcl injected
k = horizontal permeability,darcys
h = face height, feet

AP z driving pressure drop, psi
+= viscosity, centipoises, for our brine taken as 1.0

‘e z edge radius (distanceto edge of cylinder of injected
material)

‘w = well radius, same units as r
e

The driving pressure drop is given by

AP = Pch +(,4331 gD)-AH.Pr

where

.

.

Pch Z casing head pressure, psi
s specific gravity of fluid

:. = well depth, feet
AH = friction loss, psi
Pr = reservoir pressure (pressure into well under static

conditions equivalent to pressure at re), psi
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.

The specific gravity of 2%and 2b%Nacl is 1.02 and 1.20 respectively. We will
use an average of 1.11.

OH will vary with the different sized tubing and casing used in the
well. The tubing needed to carry th@ flow gives friction losses of 6-26 feet/
1,000 feet over the various capabilities taken, However, except for the 2,M)0 Mgd
capability, all the specified wells are made Up with some tubing larger than the
required size. For example, all these wells have 400 feet of 10 3/4” surface
casing even though the pipe size needed is only 4 or 7 inches. Rather than making
the extremely calculated computations for every capability and depth we will take
an average AH = 12 feet/1,000 feet. The driving pressure equation then becomes

L@ = Pch+.4728D-Pr

Substituting in the previous equation for ~P gives

Qlg re/rw
Fch= —

.1289 kh’ + ‘r-”4728D

Horsepower required is

The ranges of parameters encountered in normal underground practice are such as
to lead to tremendous variations in Pch. The extremes of the ranges normally
encountered as well as the midpoints of these are shown in the following Table.

TAIZE 6-2

NORMAL RANGES OF WIl,LPARAMETERS (6-2!?))

For Max. For Min. Midpoint Actual East
pch p~h Texas Field

‘e 2000 500 1250 -..

‘w (;;;:y] .167 .5 ● 333 .53

k ● 020 3.0 1.51 2.0

h 5 2m 102.5 51

P 4000
r

150 2075 1021

D 2000 12,000 7000 3625

0 420
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When the values for maximum P are used they yield prohibitivelyhigh casing head
pressures, over 9,000 psi evefihforthe 20 Mgd case, When the values for minimum
F are used they yield negative pressures (i.e. the well head would be under
v%~uum) up to capabilitieswell in excess of any that would ever be used (141,000Mgd).
When the midpoint values are used the casing head pressure is negative (i.e.no
pumping would be required) up to 6860 Ngd. Using the midpoint conditions but vary-
ing rw in accordancewith the actual casing sizes correspondingto each capability,
the depths deeper than which no pumping is required vary from 4400q at 20 Mgd
to 51201 at 2,000 Mgd.

All of the above indicatesthat it is impossibleto make general pre-
dictions of casing head pressure.

Calculating for actual East Texas conditions gives results which are
in accord with the facts and incidentallyshows that the calculated casing head
pressures are not very sensitive to the value usually arbitrarily taken for ~e:

re, ft. 1000 2000 10,000

Pch, pSi -505 -575 -553

The actual casing head pressures in the East Texas injectionpractice are gravity
to 350 psi. Also illustratedby this are two other factors of variability,namely
well-to-well variabilityand day-to-day variability. Thirty of the 59 currently
operating East Texas Salt Water Disposal Company injectionwells are operating
without pumping, taking an average of 420 Mgd/well. There is no trend to the
pressure requirement. One well may take the injectionwater by gravity while
another only a few thousand yards away may require pumping to pressure of 350 psi.
Also a well may operate for several weeks or months under gravity flow and then
rather suddenly require pumping. One reason for some of this variation is the
unpredictabilityof the formation face. In one case a well supposed to be pene-
trating 80-90 feet of productive oil sands was surveyed by the “spinner”method
which gives the infectivityprofile. It was found that only two feet out of the
total face thicknesswas actually taking water.

Observed Because of the failure of the above theoretical approach to
Casing Head yield useable pressure data an attempt will be made to
Pressures develop this on a more empirical basis. Reference (6-25)

lists 124 Texas fields having water injection operations,
and shows the casing head pressure for each. A statistical

analysis of these 124 fields shows an average casing head pressure of 260 psi
which is also the median pressure. 23 per cent of the fields are under gravity
flow while 90 per cent have casing head pressures less than 9(K)psi. On this
basis we will develop horsepower and horsepower costs for three different casing
head pressures - 0, 260 and 900psi. A more complete study would no doubt
warrant investigationof casing head pressures throughout the United States.

.



Other
Experienced
Operating
costs

.

Repairs to gas.
engines and pumps

Cleanout & repair

Operating labor

Maintenance labor

Maintenance
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The following compilation shows experienced operating costs
(ENR=650) for injection in East Texas and California.

wells

East Tcxos 10Mh/d Calif. 3 Mb/d Selected for
60 wel1s 1 well this Sttidy

$/yr. y%1~ ?r pump $Iyr. ~~el & pump

2610 see text

675 700

1040 2070 1500

820

)

1000
“.- 1035

The East Texas data is taken from the “plant and well” account and an attempt
has been made to separate out the plant-costs. This has not been possible
with the Claifornia data. The figure of $2610 for repairs to gas engines and
pumps is about twice as much per horsepower as recommended for gas engine pipe-
line pump stations in Reference.(4-15) It seems better to neglect this exper-
ience figure anyway since we will estimate on electric pl!mpsrather than gas.
Reference (4-15) suggesW$l.M/horsepower year for pump and electric motor
repairs which we will increase to $2.00 becruse the pumps we rather small and
possibly mobile, Power cost is taken from Reference (4-15)as usml in Chapter
A On pipeline cOStS. The fixed charges on pumps should probably be based on
20 years rather than 40 years, The East Texas Salt Water Disposal ~ompany uses
a depreciationcorrespondingto approximately23 years w a straightlinebasis.
Reference (4-12)shows the yearly cost of this on the deceasing balance basis
to be 7.4 per cent. Taxes and insurance bring this to 9.4$ resultinq in:

.258x $/gpd =$/Ll~

Summarizing, the operating costs are computed as follows:

TAH,E 6-3

.
OPERATING COWS OF INJECTION

.
Pumps, motors .25(Ix $/gpd
Wells .17RX $/gpd

OJDay& *
Repairs to wells
Operating and maintenance & if nc power~

Total . 5*34

E
Repairs to motors,pumps
Power w–

Total .1<75
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6-4.

Depth
N ft.

1
2
3
4
6
8
10
12

The total cost of

20 h!gd
O ~si 260 900

.342 .562 ● 647
● 373 .592 .678
.412 .632 .717
.460 .680 ,765
.644 “864 .949
.890 1.110 1.195

1.220 1.440 1.525
1,628 1.840 1.933

injection is shown in Table 6-4 and plotted in Figure

TABLE 6-4

COST OF INJ!TTION,$/hlg

.0342

.0373

.0412

.0460
● 0644
.0890
● 1220
.163

.0821 .150

.0851 .153

.0890 .157

.093a ,162
“1122 .181
.137 *205
.170 .238
.211 .279

2,000 Mgd
w.~

.00364
● 00421
.00522
.00617
.00880
.0120
.0158
.0203

.0331

.0337

.0347

.0357
● 0383
.0415
.0453
.0498

●loo
.101
,102
.103
.105
.108
.112
.117

The cost of injectionat 1000 Mgd is interpolatedas about 50% greater than at
2000 Mgd, Thi~ information is if importan~e, if it should prove impossibleto
have an injectionwell of 2000 Mgd capability, in which case two 1000 Mgd would
be needed. These themselveswould be almost twice as,large as the largest current
injectionwells (about550 Mgd).

THE CAPACITY OF UNDERGROUND STORAGE

Measured by everyday standards the volume of storage space available
underground is enormous. Assuming that the injected fluid moves out from the well
in a cylinder and fills the available porosity, the radius reached at any time
will be

.0236~(: x L)K
‘e = (h p]

where

‘e -= radius to which injection fluid will reach

Y = years

P = porosity cu. ft./cu. ft.
h z height of formation, assumed constant with distance, ft.
Q s Mgd

.

Under typical reservoir conditions with porosity about 25%when Q/h equals 1,
that is with 20 feet of face and 20 Mgd capability then in 100 years the front
of the injected liquid will have traveled only about one-half mile and in 25(MI



4-15

~.”4—~:_.. __+_;.

I!-h-

i

wu'w"-'' ''`4' ''''' ''8'' ''''' 'H''' ''''iti' ''''' 'i2'' i''' LL



6-16

years it will have traveled less than 2,5 miles. Under more extreme conditions
in putting 2,000 Mgd into the same 20 foot face in 100 years it will have traveled
4.75 miles and in 2500 years 23 miles.

There is an importantdifference between salt water disposal in an
operating oil field and salt water disposal from saline water conversionplants.
This is that the salt water returned to an oil formation or pumped into it
for pressurizing is filling in the pore spaces which are vacated by the original
reservoir fluid, Typically one to five barrels of water would be removed from the
producing wells with each barrel of oil and then the water but not the oil is re-
turned to the formation. In the 5:1 ratio 5 barrels of water are bej.nginjected
into the space from which 6 barrels have been removed, The mechanism of this iS
not difficult to visualize.

However, in disposal of saline water conversionbrines the attempt will
usually consist of trying to inject water into a formationwhen nothing is being
removed from the formation. An exception to this occurs when the conversionplant
is operating on brackish ground water and the waste is reinfected into the same
formation in order to repressure the brackish water wells. In that exceptional
case it is quite conceivable that repressuringof a confined brackish water ri?s-
ervoir or indeed repressuringof a confined fresh water reservoir might be possible
with saline water conversion waste. If the reservoir is a renewable reservoir,
however, and we are talking in terms of scores and hundred of years, brackish
water should not be injected into it. Other than for this exception it is some.
what difficult to visualize just what is going to happen to the saline water
conversionwaste injected underground.

In the”production of water from confined aquifers it is said that much
of the water comes via the mechanism of compaction of the formation as the
pressure is relieved. Surprisingly large quantities of water per acre are said
to result from such compaction. If this is true the reverse might also be
possible and the injectionpressure might expand the formation enough to accomm-
odatevery large quantities of water. These subjects are not too well understood
and can only be alluded to in the present study.

Suffice it to say that there are at present a number of operating
installationswhich are returning water to a formation other than that from
which it came, and from which no other withdrawals are being made (6-l). These
installationshave not been sought out in the present study.

The subject is of great importancebecause at present there is no way
of predicting whether the injectionpressure will build up as fluids continue to
be injected and fill up the formation. If we were concerned only with pumping
water into unoccupied spaces the day of reaching the reservoir boundary and
suffering build-up of pressure or overflow would be as shown by the calculations
above, far in the future. However, although the fluid front does not move fast
the pressure front might move much faster. The subject needs thorough study by
geologists and ground water hydrologists and reservoir engineers before injection
can be considered a permanent method of ultimate disposal in the sense that dump-
ing into the sea would be.
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CHAPTER 7

OPERATIONS: LAND DUMP, ABANDONING,

LAND DUMPING

SEA DISCHARGE

With a view to providing a dumping ground closer to the plant site
than the sea might be, an investigationis made of the factors involved in
dumping liquid or solid wastes in isolated valleys or basins which are of no
forseeableuse in the future and which are hydraulicallyconfined both surface
and underground. In the intermountainregion many such playas and dry lakes
exist which now serve as the ultimate basins for the small local drainage.
Some of these such as Owens l,ake,and Searles Lake are exploited for their
brines. While it is not possible in a study of this scope to pinpoint the
location of such basins suitable for land dumping the accompanyingmap, Figure
7-1 suggests that so far as land value is concerned numerous such sites exist.
This map shows the value of land and buildings per acre and gives a rough guide
to the price which would have to be paid for purchase of land as an ultimate
disposal site. Since there are large areas shown as below $25 per acre the
average figure $20 per acre is used in the present calculations. A more
thorough study would use the actual average value which might be as low as a
few dollars an acre in the particular regions under study.

Of interestboth for land dumping and for abandonmentare the follow
relations:

-8
‘= 5*2M x 10 c2Et’

feetlyear

Ts =.00152 x C Q tons/year
2 $.’

At= ,13.44 Q2/Et acres

where

h~feet per year of accumulateddry salts at average
bulk density of 100 lbs./cu.ft.

C2=concentration of waste dumped

Et= net brine evaporation, in./year

Q2Z capability,Mgd of waste dumped

Tsz tons solids deposited per year

At= acres required for evaporation surface

ng
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.

Land It is assumed that both in land dumping of liquid waste and in
Dumping abandonmentthe acreage required will be at least as great as
Liquids that required to evaporate the entire waste annually. These

figures have already been developed in ~hapter 5. The following
table shows the number of feet per year of salts that will build

up in an evaporatingbasin or land dump operated under these conditions.

TABLE 7-1

BUI1.DJJP OF S&IDS IN [AND DUMPS
Ft,/year

Concentrationppm of waste dumped 2500 25,000 250,000

Evaporation, inches per year

20 .00260 .0260 .260
40 ● 00s20 .0520 .520
60 .00780 .0780 *-?80

Inspectionshows that in a hundred years of operation a land dump or
abandonmentvessel will build up at the most 7.8 feet of salts at concentrations
up to 25,000 ppm if it has an area just sufficient to handle the evaporation.
Ilowever,operation with a saturated liquor will build up 26 to 78 feet of salts
in a century depending upon the evaporationrate. While 8 or 10 feet per century
might be consideredreasonable for accumulation in land dumping, 80 feet per
century may be arbitrarilyjudged excessive. If 10 feet per century is considered
a reasonable limit then the concentrationsallowable depend upon the evaporation
rate as follows:

C2=1922X 103/Et

Et in./yr 20 40 60

C2 PPm 96,1OO 48,050 32,030

The following calculationsare based on using an acreage equal to the
evaporating acreage up to the limiting concentrationsabove; and beyond these
acreages to give ten feet of salts per century, which are:

A ,/Q =l(?-3X .0070C
10 2

acres/Mg waste dumped
2’

4

For illustrationthe acreages necessary for a saturated solution, 260,000 ppm,
are 361 364, 3,640 respectively for 20, 200, and 2000 Mgd. The acreage required
is shown in Figure 7-2.

Before a site can be chosen as a dump it would be necessary to have a
very thorough geological and hydrologicalexaminationmade of the terrain to
establish that no possible seepage or surface flow could get out and become
harmful to the area around the dump. This investigationwill have to be more
intensive than those used to study local seepage from evaporationponds, etc.
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Both land dumping and abandonmentcontemplateuse of the area over a period of
centuries. The cost of this investigationis a part of the investmentcost.
It is taken as $500 per acre in the range 5-15 acres covering the 20 Mgd case,
$100per acre in the range 50-150 acres, (200Mgd),and $20 per acre in the 500-
1500 acres (2000Mgd).

The investmentcost then is taken as the sum of the land cost and the
geological survey cost and is shown in Figure 7-3.

The diagonal line shows the cost of acreage to give ten feet of solid
salts ~er centurv. This line naturally dips below the horizontal lines at various. .
concentrationsdepending on the evaporation. The cost of land to give 10 feet
per century would be less than the indicatedcost based on the evaporation in
the concentrationsbelow these intersections. Acreages larger than the 10
feet per century figure are used in order to give enough evaporating surface to
remove all the water if necessary, i. e. if seepage should be zero. The operating
costs for land dumping are taken simply as the
at the 6.5 per cent per year figure previously
correct for although the geological survey fee
vestment it presumably does not become part of
the other hand, the insurancecharges for such
a long term might be higher than 1 per cent of

fixed charges on the investment
established. This is not strictly
does constitute a part of the in-
the taxable value of the land. On
an operation contemplatedover such
the total investment. A separate

Figure for operating costs is not p~esented because the figures are obtainable by
multiplying the investmentcosts shown in Figure 7-3 by the factor 0.178.

Land When land dumping is used for disposal of dry solids, con-
Dumping of siderationsof evaporating surface are no longer needed and
Solids the criterion of 10 feet per century of solids build-up may

be utilized at all concentrations. This means that the acres
required will be less than those required for saturated

solutions at low concentrations. The acreage is:

A~o=l~3x 0.0070 C,Q1

where
concentrationof original waste, ppm

Mgd of original waste

Some of the acreages thus calculated fall outside the ranges given
previously for geological costs. Those acreages below 5 acres are calculated
at a flat fee of $2500; those in between the ranges are calculated at an average
of the per acre charges for the two ranges. Land cost is taken at $20 as before.

It is assumed that the operating expenses for land dumping of solids
will be the same as for land dumping of saturated liquor. Actually the satu-
rated liquor may require work on ditches, embankments and the like, not needed
for dry solids, but, compensating,the dry solids will require shifting of
railroad spurs, etc. These detailed estimates are not made in this study be-
cause the cost of land dumping turns out to be insignificantin all cases.
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The investmentcosts calculated in the above manner are shown in
Table 7-2. Also shown is the operating cost for the 2000 Mgd case which wil
be used for illustrationlater.-

TA13JI7-2

INVESTMENTAND OPERATINGCOSTS
Land Dumping of Solids, 10 ft,/century

Ppm in Orig. 1000 1O,(U) 100,030
Waste

Mgd Orig $/gpd $/Mg $/gpd $/Mg $/gpd $/Mg

20 .125 .126 ,364
200 .0126 .03M .0840
2000 .00364 .0006 ●ooa40 .0015 ●0200 .0050

260,CMI0

$/gpd $/Mg

● 41
.145
.0636 .0103

ABAND~ING

The ultimate in seeking proximity of the disposal area to the plant
site is to have it at the plant site, The idea would be to locate the con-
version plant at a moderate distance, say five or ten miles from the limits
of the city so that the expense of conveying the product water to the city
would be no more than that usually involved in transmissionlines and there-
fore could be considered as part of the transmissioncost rather than part of
the conversim cost. At the same time the plant site would be adjacent to
large acreages of land which could be used as dumping grounds for scores of
years with a view to ultimate abandonmentof them and permanent containmentof
the waste. It is no doubt something of a horrifying thought to consider the
destruction and abandonmentof large acreages in the vicinity of water using
centers. The more so since the material abandonedWouid constitute a pollution
hazard in perpetuity and would have to be given perpetual care. It would undoubt-
edly require concrete construction. In these aspects the proposed solution is
similar to that for the containmentand permanent storage of radioactivewaste.
For complete sealing it might be proposed to pnur a concrete slab over the
entire vat after it had become full of salts. This would double the cost of
the tank and presumablywould only be resorted to in regions where rainfall
might cause overflowingof the tanks and contents.

The cost of this operation iS calculated for 2000 Mgd and 40 inches
evaporation. Acreage required will conform to the curve in Figure 7-2 and is 672
acres up to a concentrationof 48,(X)0ppm and a log-log straight line increace
thence to 3640 acres at 260,000 ppm. The costs will be taken as for concrete lined
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evaporating tanks but consideringthe proximity to urban @reas the landcast..will
be taken at $6OO per acre. This gives a total costof about $7,000 per acrei and
an investmentcost per gpd of capabilityof $2.35 and $12.70 respectively.

Since the tanks are designed to last in perpetuity it probably would be
reasonable to take the detmeciationI)eriadat ureater than 40 vears. sav 100 vears
which reduces the fixed c~arges from’~% to 5%”and

$/gpdx 0.137=$/Mg

The maintenance costs are taken as for evaporating
suiting costs are $.359/Mg at concentrationsup to
from there to $1.935/Mg at 260,000 ppm.

gives: “ - “ “

vats, $.107/acre day. The re-
48,000 and an exponentialrise

The above cost ‘iscomposed of about 90% fixed charges and 10% mainten-
ance costs. The costs therefore vary inversely as the evaporation up to the
limiting concentrationand from thence to saturation exponentiallyas the con-
centration.

SEA DISCHARGE

The sea, of course, even in the geological sense is the ultimate reposi-
tory for all the wastes of the land and is the only completely safe disposal dump.
The seavs capacity to absorb waste of the type under discussion may be taken as
infinite so far as human activity is concerned.

In this study the Great Salt Lake is also considered a sea suitable for
disposal of saline water conversionwastes. The Great Salt Lake has dimensions
of about 80 x 30 miles or 1,535,000 acres. The evaporation from saturated brine
there is computed from pan evaporationat about 37 inches per year. The total
evaporation is 4,250 mgd. This evaporation in a 1:1 product-to-wasteratio, would
supply 70 cities the size of San Antonio, Texas, and represents over four times
the capacity of the ~.osAngeles aqueduct. The municipal and industrialuse of
water in the 17 western states in 1950 was 6,220 mgd (7-1) and the population
in urban and associated areas was 21,623,000. The daily use in municipalities
and industrieswas therefore 287 gallons per capita per day. At this rate Great
Salt Lake evaporatingcapacity could take care of the needs of a population of
14,800,000.

However, unlike the dry desert lakes, Great Salt Lake now contains a
body of water which is already evaporating at the above rate, the evaporated
water coming presumably from some inflow into the lake. While a study has not
been made it is believed that the Lake area is shrinking and therefore that the
evaporatingcapacity of the present area of the lake is greater than the inflow.
The evaporating capacity is equal to about 2,000 waste disposal plants of the
largest size studied in this report, 2000 Mgd. Therefore, it is quite safe to
say that a few or a few dozen plants of that size discharging into Great Salt
Lake would hardly be noticed as they would increase the evaporating load only
a few tenths.of a per cent or a few per cent, respectively. Nevertheless,any

.
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contemplated large scale disposal into Great Salt Lake should be preceded by
hydrologicalstudies to determine the effect on the Lake level, contour and
area. In addition such a study should cover the effects on the plans of chemi-
cal companies for utilizationof Great Salt Lake brines.

The above considerationshave covered some of the total effects of
sea discharge on the receiving body. Also it is necessary to consider some
of the local effects. It is assumed that the structuresnecessary for sea
dumping will consist of a simple outfall line carrying the waste below the”
low tide line. Such a structurewill require some engineering to avoid
erosional effects which might undermine it, but for the purposes of the present
study it is assumed that these structureswill be but minor details of the exten-
sive pipelines leading to them.

hlore important, is the possible local effect of waste discharge on shore
installationsand activities.

The conclusion is that there will be no cost associatedwith sea
dumping.

REFERINES

(7-1) MacKichan, Kenneth A.: Estimated Use of Water in the United States,
U.S,G.S* Circular 115, May 1951. 13 pp.



CHAPTER 8

OPERATION: DIS~HARGE TO FT.OCOING STREAMS

Finally, it is possible to discharge the wastes to streams. Discharge
of industrialwastes to streams has been the simplest method of “disposal” for
centuries. Within the past century attention has been given to “purifying”the
waste before discharging to streams so that the pollution load does not exceed
the self purifying capacity of the stream. This historic and modern practice of
discharging to streams however is quite different from the problem of the present
study for there are no possibilities for “purification**,self or otherwise,of
saline water conversionwastes. This practice has also been encounteredpreviously
and has given rise to the so-called “dilutionmethod” of ultimate disposal. In
this method wastes are discharged at such a rate that the resulting dilution in
the flowing stream makes them unnoticeableor if noticeable does not bring their
concentrationto harmful levels. Reference (8-1) describes a modern installation
of the dilution method where wastes from an industrialplant are dumped in the
Great Miami River in a manner controlled by the flow and concentrationof the
river. Uncontrolleddischarges of industrialwastes are made to a number of our
major rivers. A recent study of one situation is found in Reference (8-2).

In the regions of the country where saline water conversion will be most
useful however, the flow of the rivers is not large enough or steady enough to
allow continuous discharge even if controlled. In the more arid regions of the
country the rivers are at very low stages for long periods and most of the year’s
flow occurs in the flood season. Called for accordingly is the storage of wastes
until times of flood flow and the controlled discharge at these times.

In this type of flow it is also quite common that the low flow waters
are high in dissolved solids while the flood waters are dilute. This comes about
through diverse causes, not the same for all rivers. In a typical case the salts
picked up by the run-off and river flow are those which come within the reach of
run-off by capillarity and other diffusional processes including the slow movement
of undergroundwater which may seep into the river bed. The normal salt content
of the low flow stages represents the total amount of such material diffusing per
day in the area wetted by the normal stream flow or run-off. In times of flood
there is a great deal more flowing water but this does not alter the rate of the
diffusionalprocesses supplying the salt. Accordingly the flow is dilute compared
to normal flow.

.
This is a simple explanation of a general situation to which there are

many exceptions. For example, where there is no run-off during a long dry

●

period the stream collects only the salts which diffuse to its bed. Tf now a
general rainstorm occurs the first flood waters will pick up the salts collected
on the dry portions of the drainage area. Thus, the first flood waters may be
relatively high in salt. Another anomaly sometimes occurs when normal flows
immediatelyafter a flood period are found to be more dilute than normal, Various
divergencies from ideal behavior as must occur with natural streams make it
necessary to study each stream before planning a specific discharge program.

However, for our purposes it is desirable to demonstrate the feasibility
of the method. To do so would require not only an extensive study of streams in
the arid regions but also an intensivestudy of the detailed flow characteristics
of each. This would be a major undertakingbut we shall attempt to demonstrate?
the method of approach and the feasibilityof the the operation by means of a
single example. The example chosen is the Canadian River near Amarillo, Texas.



It is first necessary to demonstrate that the dissolved solids content
does decrease as the flow increases. This is shown in the flow-salinitydiagram
of Figure &l. (a3) (fL4) (8-5) (8-6) Not all of the points available in the
references are plotted on the diagram because so many of them occur in the ‘*normal
flow” region that they become superfluous. While the points are rather scattered
the envelope shows that a definite trend does exist.

It next becomes necessary to establish some reasonable concentrationlimit
up to which the river may be “loaded”with waste. Much argument, legal and other-
wise, could surround this question and undoubtedlywill, For the present we will
take a rational approach in assuming that at no time will the river concentration
be raised above the concentrationof “normal” flow. This means that any time any
downstream user of the flowing, i.e. undammed, river miqht expect water of a quality
which normally exists in the stream. *’Normal”for the case chosen will be taken
as that daily flow which is exceeded on only approximately10 per cent of the days
of the year. The downstream user of an undammed stream will thus suffer only the
damage that during the 36 out of the 365 days of the year when he might expect di-
lute flood waters, he ~OW W~]~ be receiving flood waters of the same concentration
as he is accustomed to for the other 329 days of the year.

Reference (&7) and (8-8)present data which show that the daily flow of
the river was less than 100% of the average daily flow on 91.4% of the days in
the water year 1951 and 1952 (October-September)and 89.2% of the days in 1952-
1953, The weighted average concentrationof the river water in these periods of
less than 100% of average daily flow may be obtained by reading from Figure &l
the ppm correspondingto the flow, and taking the weighted average. In the
present study this has been done by using certain ran~es of percent-of-average-
daily-flow and reading the ppm correspondingto the tnldpointof the range. The
weighted average concentrationfor this normal flow in 1951-1952 was 1170 ppm,
in 1952-1953, 1160 ppm.

The total tons of salts actually carried by the river may now be
calculated by summing:

cfs x ppm x days x .00269= tons per year

for each per-cent-of-average-daily-flowcategory using the midpoint flow, cfs,
and the midpoint concentration,ppm, read from Figure &l.

This computation shows that 66.9 M tons was carried in 1951-52 and
66.7 in 1952-1953.

These figures do not correspondwith the weighted average
tons per day given in References (&4) and (&5) which are
77.0 and 91.1 M tons respectively. The reason has not been
explored but probably lies in the use of percentage cate-
gories and midpoint flows and concentrations in place of
the more accurate day-to-day or even hour-to-hour summations
presumably used in the reference. Also, the weighted
average daily flows in References (EL4) and (&.5) do not
correspond with those in References(&7) and (&8); reason
unexplored.

When the same procedure is applied to the total flow of the river taking
a constant concentrationof 117(Ippm it is found that under these conditions the
river could have carried 114 M tons in 1951-1952 and 145 M tons in 1952-1953.This
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means that the river could have absorbed 47,000 tons of waste salts in 1951-1952
and 78,000 tons in 1952-1953. Figure 8-2 shows the solids content of wastes at
various concentrationsand capabilities. Taking a typical brackish water waste
as possibly 20,000 ppm it is seen that the river could easily have accommodated
a 200 Mgd plant in both years. In 1952-53 it could have taken all the waste from
a 2,000 Mgd plant and couldalmosthave done so in 1951-1952.

The Canadian River was chosen becafiseof the availabilityof quality and
flow data, and also because it does not have a nearby upstream dam controlling
the flow at Amarillo. (It does have 7000 square miles of its 19,000 square mile
drainage area controlled by Conchas Dam in New Mexico, 200 miles away. And the
extreme low flows at Amarillo are maintained by the city sewage effluent.)Short
of carrying out similar studies, presumably in a more refined form for numerous
other rivers it is not possible to say whether the Canadian River at Amarillo is
typical. It may happen that the Canadian River at Amarillo is the only river in
the entire Southwest capable of assimilating50,000 tons per year of salts. On
the other hand it may be that it is rather limit~d compared to the other rivers
in this regard, The only firm conclusion that can be drawn from the illustrative
example is that at least one river in those two years (in which the flow was 1/3
the 15 year average) had the capability of ahsorbing the waste from a fairly large
saline water conversionplant without at any time causing the concentrationto
rise above “normal”.

However, this is not done without cost for as is to be expected, flood
flows do not occur uniformly throughout the year but are concentrated in flood
season. In 1951-1952 there were some low flood flows in April and hlaybut the
higher flood flows which account for the major tonnage of assimilable salts
occurred between July 17 and August 30. In 1952-1953 these larger floods occurred
between July 19 and August 22 and no floods above 100% of the average daily flow
occurred outside of the period July 19-September3. This means that in general
almost a full year’s storage of waste must he provided for. The exact amount of
storage (as the exact amount of evaporating area in Chapter 5) can only be
determined by a day-to-day analysis of dischargeablewastes depending on the
river stages and this of course must be done on a statisticalbasis. For our
present purposes it seems reasonable that a one year’s storage be assumed.

The investmentcost of such storage may be obtained from the data in
Table 5-2 on the cost of evaporating tanks. The storage cost is that of t?vapo-
rating tanks at 60 inches evaporation (correspondingto the five foot depth of
tank). This would be, for a five foot tank, $1.45/gpd for concrete and $.95/gpd
foi soil-cement. However, it is likely that a storage tank would not be limited
to a five foot depth and might be constructed for approximatelythe same costs
per acre in a 15 foot depth. (The cost of soil-cementand concrete tanks is
largely the cost of lining). The investmentcost of storage tanks would there-
fore be about one-third of the above.

Similarly the operating costs may be determined from FigUr~ 5-2 which
at an evaporation of 60 inches In soil-cement is $.14/Mg, practica].lyindepen-
dent of capability. All of the contributingcosts are proportional to the
acreage and therefore the operating costs of a 15 foot storage tank would be
one-third of the cost of the evaporating tank or $.047/Mg. It is presumed that
the storage tanks would discharge to the river by gravity flow. In a detailed
study some attention should be given to the cost of the supervision,river
monitoring and control necessary for this disposal operation.
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PR(XESS 1: CONVEY TO THE SEA

The simplest of the disposal processes contemplatedcomprises conveying
the waste material to the sea, or to the Great Salt Lake, which as discussed in
Chapter 7 constitutes for our purposes a sea. Figure 9-1 shows the area of the
western United States in relation to its distance from the nearest seacoast. A
total of 150,000 square miles in the 17 western states lies within 500 miles of
the sea or Lake. Only about 15%of this is in the 0-100 mile range. The dis-
tribution as indicatedon the map is approximatelyas follows:

TABLE 9-1

DISTRIBUTIONOF LAND BY DISTANCE FROM THE SEA

Miles Square Miles Per Cent
——,—,.— . ...................

0-100 22,000
100-300 E
300-500 :; E 35

Total 150,000 G

Only a small proportion of the land could enjoy a conveyance distance of less
than 100 miles.

However, this doesnVt matter particularlysince conveyance costs for
even a 100 mile distance are prohibitive. This is shown in the following table.

TAILE 9-2

CONVEYANCE TO THE SEA

Mgd $/Mg mi, $/gpd mi. Op. Cost$/Mg Investment$Igpcl
50 100 3(HI 500 100 300 500

—-,. . ——,-. - .-..,%——. —. -,....+..,.,,.-...,+,... - . !.

20 “040 .263 2.00 4,00 12.0 20.0 26.3 79 131
.0182 .0500 .91 1.82 3.64 9.10 5.00 15.0 2!5.0

lZ .0088 .0213 .44 .88 2.64 4.40 2.13 6.39 10.65
2000 .0064 .0153 .32 .64 1.92 3.20 1.53 4.59 -?,65

100,OOO .0011 .0033 ● 055 .11 .33 .55 .33 .99 1.65

The 50 mile column is inserted for use in a later chapter.

With the best,conversion processes showing costs of 30-50t/Mg and the
most expensive ones being considered at $2.00/Mg it would appear that none of
the nine original combinations 20, 200 and 2000 Mgd and 100, 300, and 500 miles
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9.3

would allow cost for waste disposal which could be toleratedby processes having
a 1:1 product-to-wasteratio. The possible exception is that a process already
having a conversion cost of$2.(M)/Mg if operated at 2,000 Mgd might conceivably
stand another 64+ to dispose of the waste if it were 100 miles from the sea.
Even this conditionwould involve a waste disposal cost equal to 30per cent of
the total cost. Processes such as the electrical membrane process which may
have conversion costs of the order of 4k50$/Mg from brackish water and a
product-to-wasteratio of 4 or 5 will be in a better position on unit waste dis-
posal costs. For example the 64$ figure would be reduced to 12$ per Mg of
product. However, this still represents 20-26% of total product water cost.

For the ❑ajority of the conversionprocesses conveyance to the sea
under eight original conditionswould be prohibitivelyexpensive even if the
conveyancecosts were reduced 5W which is approximatelywhat happens if no
power is used, Such a reduction would bring the 2000 Mgd-100 mile case to
$.32 (for disposal alone), but none of the others wuld be reduced even to 50$.
To obtain low costs one must go to very high capacity as is shown in the bottom
row listing a 100 mgd plant. Under these circumstances,still not a one of the
distances has an associated cost less than 25$with the exception of the 100
mile case.

As a matter of fact even at 50 miles the 2000Mgd capability does not
reach 25$. When this study was originallyundertaken it was thought that
plants located near the seacoast would not have a waste disposal problem since
they could return their wastes directly to the sea by a short canal or pipe-
1ines. The above figures, however, indicate that the distance at which this
becomes economic is considerablysmaller than had previously been supposed.
The distance becomes even less when one considers that in the average plant
having a product-to-wasteratio of 1:1, two volumes of sea water must be
transportedto the plant for every volume of waste discharged, a total convey-
ance cost per unit of product equal to three times the above figures. For
example, a 200 Mgd plant only 10 miles from the seacoast would still have a
conveyance cost of over 50$/Mg of product water.( Actually it would be about
double this figure as shown in Table 4-3). Of course, plants so close to the
seacoast could probably utilize canals, ditches and other cheaper waste con-
veyance methods since gravity flow would presumably be possible. The subject
should be further investigatedftiomthat standpoint. On the other hand it ia
pointed out that even a plant located directly on the seacoast must still trans-
port its waste for some distance in order to avoid contaminatingits own intake.

The bird’s-eyeconclusions are:

a. Pipeline conveyance to the sea of conversion plant
waste is economicallyprohibitiveexcept at very
large capacities and quite short distances from the
sea.

b. Less than 15%of the western U. S. area within 5CMI
miles of the sea or Great Salt Lake lies within 100
miles of $hese. Most of the waste conveyance to the
sea will have to be for distances of over 100 miles.

c. That “seacoast”plants having by definition no problem
in waste disposal must indeed be better described as
littoral plants if they are to achieve economic waste
disposal conveyance via pipeline.
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R?WX?SS II: EVAPORATE TO SATURATION AFII

CONVEY TO Tl% SEA

Synopsis - MathematicalConstructions. Disposal Costs -
Critical Distances - Effect of Cheaper Evaporation

Synopsis Because the previous chapter showed that conveyance to the sea
of the original waste was far too costly, this chapter studies
the possibility that these costs of conveyance to the sea may

be reduced by reducing the volume of waste to be transportedby means of solar
evaporation. If the difference between the cost of conveying the original waste
and that of conveying the evaporatedwaste is greater than the cost of evaporat-
ing between the two concentrations,then the evaporation plus conveyance process
will be more economic than straight conveyance.

Mathematical The cost of conveying waste at a rate QiMgd is:
Constructions

CcQi’d. $/f%

where

ccQi = unit cost of conveyingwaste at rate
Qi, $/Mg mi.

d = distance conveyed, tni,

The cost of conveying the evaporated waste per Mg of the original waste is
given by

where

Q2 = amount of evaporated waste produced Mgd and

Q1 = amount of original waste, Mgd.



where

Then:

and

10-2

The cost of evaporating original waste per Mg of original waste is:

SQ; ‘Q!

Q1

Qf = amount of water evaporated from Q1 Mgd of waste in
going to Q2 Mgd evaporated waste and

.

~Qisunit cost of evaporating at capability Qr . $/Mg

Then the cost per Mg of Q1 of evaporating01 to a volume of Q2 and conveying the
Q2 iS:

k4-E =CEQ* x 5+CCQ2 x ~ x ‘* ‘/~
1 Q1 Q1

The parallel cost of conveying the original waste is

cc = CCQ1 X d, $/~

letting:

.

*

Q2 c1

~=~=r
ratio of initial concentrationto final concentra-
tion, or of final volume to initial volume.
(Densitydifferencesare neglected.)

cc+~= (1-r) cEQ$+d r ~Qq? ‘/”g

Our problem is to find under what circumstances:

CC7 CC+ E

and what are the boundaries of this condition. It can be predicted that for very
small values of d it will be cheaper to convey the original waste; at very large
values of d, to evaporate first. Our problem is to determine the actual costs
for the cheaper process.

The values of the expressions vary with the basic parametersEt, tank
evaporation “/yr and Ql, volume of waste Mgd through their effect on the inter-
mediate cost parameters.
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10-5

The
the

critical distance tutns out to be rather insensitivefor bur purposes to
concentrationof the original waste. For:

Q1=2000Mgd

Et s40”, soil-cement

it increaseswith Cf as follows:

cl 2600 26,000 130,000 234,000 260,000

dmmiles 50 53 69 77 w

where C~ = concentrationof original waste which is evaporated to saturation,ppm.

This calculation explains the 50 mile and O mile curves on Figure 10.1,
It developed that, under the conditions chosen for Figure 10-1, 50 miles is
below the critical distance and therefore evaporation followed by pipelining is
more costly than direct pipelining over practicallythe entire concentration
range. For a given value of Cf the critical distance decreases with Et directly
as ~Q~ does:

when
Cf = 26,000

Ql = 2000

%, inches 10 20 40 60 100

dm, miles 216 118 53 37 23

With capability it increases as follows:

when
Ets 40”

r= 0.1

Q1 20 2000 20,000

d~miles 7.5 53 157

The distance at which pipelining the original waste bec?mes economic
over evaporating and p5peiin#hnglbe~omes,gtiea$er=: me evaporationrate de-
cteanea and the caphb~l$ty!ihcre~aes. It increases very slawly with concentra-
tion of original wtisbeexcept when this approaches saturation.
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Effect of The curves of Figure 10.1 of course also vary with evaporation
Cheaper cost. The higher the cost of evaporation the less the advantage
Evaporation of using it. The effect on the curves would be to rotate them

to lesser slopes (andcurvatures)around their present positions
at r = 1.0. AISO the critical dis,tanceincreaseswith incrCasin9

cost of evaporation.

Rough calculationshave shown that if the evaporating cost could be re-
duced to a value approximatingthat achieved with an unlined evaporating tank
the costs under the conditions of Figure 10.1 for a concentrationof 2600 ppm
would be reduced as follows:

Distance, miles 50 100 300 500
Soil-cement tank, $/~ .30 ●33 ● 44 .55
Unlined tank (approx.),$/Mg .~ .10 .20 .30

Also the critical distance would be much reduced in the example above from 50 miles
to about seven miles. The conclusion is that it would be justified to give con-
siderable study
wise decreasing

.

toward the Objective of using unlined evaporation vats or other-
the evaporation costs.

#
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PRKESS III: I?VAPUIATETO DRYNNS

AND CONVEY TO TIUISEA

The previous chapters developed the economy of evaporating to saturation
prior to pipelining to the sea. It is possible to evaporate beyond saturation
completely to dryness and convey the resulting solids by freight. While at first
it would seem unlikely that the cost of conveying solids by freight could compare
with the cost of conveying the same solids as a saturated solution,and thus that
the cost of the present process would be always greater than the cost of evapora-
ting to saturationand pipelining,this turns out to be not the case.

The cost of this process is compounded of the cost of evaporating to
dryness plus the cost of conveying the resulting solids, The latter as seen
in Chapter 4 is

(&= 4’;;:?1 x (fdi-O.20)C $/@J Of original waste

where

~ *ppm unoriginal waste and

CC8~cost of conveying solids per Mg original
waste, $/Mg

The cost of evaporating has been developed in Chapter 5 and may be read from the
Figure 5-2 there. The total cost of evaporating and conveying is therefore

CC+E =CEQ1+c~s

The cost of doing this for 40 inches evaporation and 2000 Mgd is shown in
Figure 11-1. The 50 mile line is added for use in a later chapter.

It is instructiveto compare the cost of evaporation to dryness and
freightingwith the competing processes of evaporation to saturationand pipe-
lining, and of pipeliningdirectly. This iS done in Figure 11-2 which forms
the basis for an economic choice. It is seen that at a 500 ❑ile distance the
freighting process is cheaper than pipelining after evaporation up to con-
centrations of original waste of about 18,000 ppm. Above that concentrationit
becomes cheaper to evaporate to saturation and pipeline. Above about 68,000
ppm (dottedlines) it becomes cheaper to pipeline the original waste than to
evaporate it to dryness and freight it. The critical economic concentration
between pipeliningafter evaporation and freightingafter evaporation becomes
lower as the distance becomes smaller. Nevertheless,since the main ranges
of interest are 1=6(IO mi168 while the maiticonatmtrationd.arbJust about’
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in the regions where the economic choices must be made, namely 3000-20,000ppm$
the matter becomes of considerableeconomic and competitive importance. If long
distance conveyance turns out to be the cheapest disposal method then a more
detailed study of this economic choice is thoroughlyjustified,

Some preliminary study has been given to the effect on these economic
critical concentrationsof changes in cost of evaporation, Evaporationaffects
both processes about equally, the more so at the low concentrationsof interest.
Accordingly,changes in it move both curves about the same amount and do not
greatly alter the points of intersection. For example, a rough calculationhas
heen made of the effect of lowering the cost of evaporatingtanks down to the
neighborhoodof that of unlined tanks. The economic critical concentrations
are almost unchanged.



CHAPTER 12

PRWESS IV: CONVEY AND L4ND DUMP

.

Since the cost of conveyance is so high at reasonable distance from
the sea, means may be soughtfor reducing these distances by seeking land areas

. as discussed in Chapter 7 which may be closer to the plant site, These dis-
tances may of course vary greatly and it might be arbitrarilyguessed that they
could not be closer than 25 miles to a center of population. 50 miles will be
used here for illustration.

The cost is a simple sum of the cost for conveying 50 miles as already
shown in Chapter 9 plus the operating cost of land dumping as developed in
Chapter 7, The resulting values for 40 inches of evaporation are as follows:

TABLE 12-1

COST ~ “CONVEYANO LAND DUMP”, $/Mg
40” Evaporation

50 mile conveyance

Mgd 20 200 2000

Concentration,ppm
1000 2.03 ,917 .322

48,000 2.03 .917 .322
260,000 2.17 ●949 ●333

Without Dumping
cost 2.00 .910 .320

It is seen that the cost of land dumping is quite insignificantcompared with
the cost of conveying 50 miles and this insignificancedoes not change with
evaporation rate. Conveyance and land dumping is practicallyequivalent in cost
with conveyancealone.

The cost of conveyance and land dumping under the worst conditions of
concentrationfor 25 miles would be about$l.09, $0.47 and $0.16 for 20, 200,
and 2000 Mgd respectively. Conveyance of 25-30 miles breaks through the 25$
level for the 2000 Mgd capability, but the practicalityof this favorable situa-

. tion depends upon the existence of 3640 acres of dumping grounds within 30 miles
of the plant site.

Land dumping then is a device to cut down the conveyancecost by de-
creasing the conveying distance significantlybelow the distance to the sea.
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PRmss v: EVAPORATE TO SATURATION

AND CONVEY TO A LAND DUMP

Since conveyance is the major part of the cost of inland dumping
even at 50 miles, further steps can be taken to reduce the conveyance cost.
One of these is evaporation to saturation prior to conveyance and land dump-
ing.

Figure 10-1 shows as a function of concentrationof original waste
the cost of evaporating to saturationand pipelining for 50 miles under con.
ditions of 2000 Mgd and 40 inches evaporation. Figure 7-3 allows the calcula-
tion of the operating cost far land dumping as a function of concentrationof
waste dumped. We are concerned only with the operating cost per ~ of waste
dumped at a concentrationof 260,000 ppm which is the concentrationof the
conveyed liquor. The concentrationof 2000 Mgd of original waste, (other
standard conditions being 40 inches and 50 miles) results in a volume Q2 of
waste dumped equal to 2000 r where r is the ratio of the original concentration
to the saturationconcentration260,000 ppm. This operation produces volumes
of waste dumped (correspondingto various concentrationsof original waste)
which are not directly determinablefrom Figure 7.3. However, an interpolation
curve for the three capabilitiesallows an accurate estimate at the intermediate
capabilities. These costs, $/gpd of waste dumped, must still be multiplied by
r to obtain $/gpd of original waste.

When all this iS done it is found that the operating cost (0.178x
$/gpd) of land dumping of saturated liquor per Mg of original waste varies from
$0.0015 to $0.013/Mg depending on the concentration. These add only 3%at the
most to the cost of evaporation to saturation followed by pipelining50 miles
as shown on Figure 10-1. Accordingly the cost Of evaporating to saturationand
conveying to a land dump is insignificantlydifferent from the cost of evapora-
tion to saturationand pipelining the same distance to the sea.

But Figure 10-1 shows that there is no advantage in evaporating prior
to pipelinjngwhen the distance, as taken in this case, is only 50 miles. for
this is below the critical distance as developed in that chapter, for the
conditions (2000Mgd and 40 inches evaporation). While all the values of the
parameters have not been explored Chapter 10 shows that 50 miles or more is the
critical distance for all conditionsexplored except those of very high evapora-
tion (60-100inches) or very high capabilities (over2000 Mgd). Therefore, in
general it may be stated that in the use of land dumps within 50 miles there is
usually no advantage to evaporation prior to pipelining.

If the cost of evaporatingcan be reduced evaporating prior to land
dumping might become economic, but only to the extent that evaporatingcan re-
duce the cost of conveying -- i.e. only to the extent that a lower cost of
evaporation can reduce the critical distance.
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The practicalityof the land dump approach remains in the availability
of suitable land dumps within 25-50 miles of proposed plant sites. It is recom-
mended that a study be undertaken of the existence and geographicaldistribution
of land dump sites. This study should result in informationsimilar to that in
Figure 9-1 and Table 9-1 on the distributionby distance from the sea. The land
dump study however would be more complicated because the location of suitable sites
is not demarked as is the sea coast on a map, the suitabilityof the site must be
reconnoitered in the field! and the capacity of the land dump must also be deter-
mined.
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CHAPTER 14

PRKESS VI: EVAPORATE TO DRYNESS ANllCONVEY TO A LAND DUMP

The cost of land dumping solids is shown in Table 7-2. For most con-
centrations it is even less than the cost of land dumping liquids. The cost of
evaporating to dryness and freighting50 miles to the sea is shown in Figure 11-1.
The cost of the combinationof these is the simple sum which is insianificantlv
different from the cost of the latter, as shown-

TABLE 14-1

OPERATING COST OF: EVAPORATE

in Table 14-1

TO DRYNESS,
2000 Mgd, 40”, FREIGHT 50 miles
LAND DUMP, 10 ft./century

Cone. original waste 1000 100,000 260,000
——<-— ..... .......... --

cost $/Mg .0476 1.265 3.22
Cost, ex. land dump .047 1.26 3.21

The principles of critical distance and economic choice as worked out
in Chapters 11 and 13, while not illustratedin Figures for this case, lead to
the conclusion that up to concentrationsof about 3500 ppm evaporation to dry-
ness and freighting is cheaper than the next best method which is direct pipe-
lining to a land dump. Because of critical distance considerations,the cost
of evaporation to saturation and pipelining is greater than either of these.
The economy of freightingsolids over direct pipelining is very small in the
narrow range of concentrationswhere it occurs while the economy of direct
pipelining over evaporation to dryness and freighting is very large at the
higher concentrationswhere it occurs. This may be visualizedby drawing a
horizontal line at $0.32/Mg on Figure 11.-1representingthe cost of direct
pipelining 50 miles.

Again, a substantialreduction in the cost of evaporation, say by the
use of unlined tanks would lower the cost of this freightingprocess and increase
the critical economic concentrationat which direct pipelining becomes favored.



CHAPTER 15

PRCKESS VII: ABANDON

There is little to the process itself that has not already been
discussed under the operation in Chapter 7. As discussed there for the 2000
Mgd, 40 inch evaporationcase, the cost varies from 32$ to $1.95 per Mg depend-
ing on the concentrationof the original waste, and remains at 324 up to quite
high concentrations.

The major cost of abandonmentlies in the heavy investmentrequired fox
concrete tanks to contain the material indefinitelynear populated areas. None
of the major parameters except evaporationrate can be looked to to lower the cost.
Possibly an area suitable for land dumping might be found within a very short
distance of a plant site. This would be the equivalent of land dumping at practi-
cally zero conveyance distance, also of abandonmentwithout the cost of concrete
structures. Under these circumstancesthe cost of abandonmentor land dumping,
which here merge into one, would be extremely low. It would be in the range of
$.00238 to $.0123 Mg depending on the concentration. It is not known how general
may be the existence of such sites.

The practicalityof this process depends upon the existence of rather
large tracts of land which can be permanently abandoned,quite close to a
point of potentialwater use, i. e. quite close to a populated community. This
brings up a rather odd situation in land economics. Consider two types of loca-
tions in the arid and semi-arid lands. One type is a location which has some
fresh water. The land near this location thus has some value and a community
springs up around it which further increases land values. The other type consists
of a barren and useless wasteland such as an alkali flat or the like. Both types
have supplies of brackish water which could be converted to fresh water.

If abandonmentshould turn out to be the preferred disposal pr~cess,
the wasteland rather than the existing community would be preferred as a plant
site. For the land around the existing community, if orIlyby association,would
have a rather high value and thus there would exist a barrier to its use for
abandoningoperations. The wasteland rather would be the favored site for a
brackish water conversionplant. The tendency therefore in any general in-
troductionof brackish water conversionplants would be to utilize these portions
now considered the most useless. Thus under the exceptionalcircumstancesthe
effects of brackish water conversionwould be in opposition to almost all other
civilizing and industrializingforces, namely to bring about a decentralization
of civilization and industry rather than a centralizationaround aiready exist-
ing centers.

While the availabilityof worthless land thus becomes an asset (and
the more worthless it,is the greater the asset) yet any wasteland Chamber of
Commerce which @spoused this cause would find it self-defeatingsince the bring-
ing of water to the location through brackish water conversionwould automatically
supply the pressure to increase land values and thus destroy the asset. It is
apparent therefore that in this situation technologymust move in first prior to
civilizationand develop a water supply and an abandonmentground before the
economic forces have been set in motion.

But except in the rate form of land dumping at the plant site abandon&ne~t
is not likely to become a favored disposal method and thus only a very few Chambers
of Coannerceof the next generationwould be faced by such an “agonizingappraisal”.



CHAPTER 16

PROCESS VIII : INJECT

●

✎

This process consists simply of applying the injectionoperation
at the plant site. The cost is the same as the injectionoperation cost
as shown in Figure 6-4 for it has been assumed that no prior treatmentwill
be required. Possibly some storage ahead of injectionwould be indicated in
order to take care of periods of well or pump shut down. A standby pump
might have been provided for the pump emergency. Storage ❑ight equally well
be indicated in the Processes I and IV involving direct conveyance. But it
would not be required with the processes involving evaporation at th~ plant
site since the ponds themselveswould provide the necessary storage. However,
storage is a matter which has been left for a more detailed study. It is seen
that the cost of injection at least in the high capabilitiesused generally for
illustrationis well below the cost of other methods considered up to this
point. which for 2000 Mgd have a minimum cost of about $.28/Mg at low concen-
trations increasingat higher concentrations. If one is fortunate enough to
find a suitable formation at a depth of 4000’ which is probably about the
minimum that could be tolerated for large scale injection,and if the reservoir
conditions are such as to allow gravity operation, a low cost of ;about$.0061/Mg
could be achieved. At a median casing head pressure this cost would he about
$.036 and at a pressure approachingthe highest encounteredwould rise to only
$.1O. Even in the worst case of 12,000 feet and 900psi pressure the disposal
cost would be only $.126/Mg, still well below the minimum for the other processes
heretofore considered.

While very gratifying this is not an indicationthat injection is the
solution to all disposal problems. Successful.injectiondepends upon the favor-
able condition of finding a formation to inject into. These do not automatically
exist everywhere. Furthermore,exploring for one may involve a considerable
amount of money. In oil well drilling, for example, in unproven territory seven
wells are drilled in order to find one producer. Even in established and produc-
ing fields one well out of four drilled turns out to be unproductive. (16-1) If
this is the situationwith over 600,000 producing oil wells probing the known
formations, it is quite unlikely that 100% success ratio can be achieved in drill-
ing injectionwells and searching for injection formations. Even after a success-
ful well is drilled the possibility exists of unpredictablevariations in its
injection capability. While evaporation for example also has some variability,
it is subject to statisticalprediction to a degree to which the art of injection
has not yet attained.

It is interestingto note that a study similar to the present one
conducted over a quarter of a century ago also reached the conclusion that in-
jection was the preferred method of disposal, The unpublisheddocument reporting
that investigationhas not yet been located but a reference to it is made in
still another unpublisheddocument (~3) as follows:
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“Early in 1931 the East Texas Anti-pollutionCommittee
prepared a very comprehensivereport on the following
methodsof salt water disposal:

1. Discharge to natural drainage
2. Storage and controlleddischarge into natural drainage
3. Injection into Woodbine sand
4. Solar evaporation
5. Mechanical evaporation
6. Canal to tidal water
7. Pipeline to tide water”

The above list covers many of the alternativesthat are studied
work and two that are not - mechanical evaporation and canal to
search for the 1931 report is being continued.

in the ~resent
tide wa~er. The

REFERENCES

(16-1) Common drilling statistics,e. g. Oil &Gas Journal, January 7, 1957.
p 187.
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PROCESS IX: EVAPORATE AND IN~”’l_

The cost of injectionper Mg injected does not increase ten fold as
the capability decreases ten fold. Accordingly, it costs less per Mg of
original waste to inject an evaporated residue, specificallya saturated resi-
due from evaporationof that waste. ~alculation shows however, for the conditions
6,000T depth 260 psi, 2,000 Mgd, 40 inches evaporation in soil-cement tanks that
the cost of the necessary evaporation much more than balances the saving in in-
jection so that the total cost of the process for all concentrationsper hlgof
original waste is greater than the injectioncost of the original waste itself.
For example, it costs$.270/Mgto evaporate 2,000 Mgd of 5200 ppm to saturation,
a volume of 40 Mgd, Then it costs only $,@O&/originalMg to inject the residue --
a total of $.278. But it only costs $.039 to inject the 2,000 Mgd in the first
place, Thus no saving can be achieved by this process.

While the above is calculated for only one set of conditions it is
quite likely that it holds true over a considerable range. It would be least
likely to hold true when unlined tanks can be used and evaporation rate is high.
Similar simple observationscannot be made for the injectionparameters because
the relation between the costs of injection at two capahil.itiesis a very complex
function of the injectionparameters, including the capabilities,
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PROCESS X: CONVEY AN1’)INJECT

Using The price of an injectionwell is rather high and the country is
Old dotted with abandoned oil wells which might seem attractive for
Wells use as injectionwells thus eliminating the cost of a new well.

Except in the highly unlikely possibility that an abandoned oil
well would be at the conversionplant site this process would

involve conveyance of the waste to the given location of the abandoned well.

In the business of disposal of salt water from oil fields the use of
abandoned wells is not looked on with great favor. An injectionwell is a
specializeddevice which, it is said, cannot well be made over out of an old
oil well. Furthermore,to do so is not inexpensive. The average cost of con-
verting six old oil wells
(ENR= 650) not including
At 3700’ depth this comes

Reference (6-5)
deepe~ to rehabilitateit

in the East Texas Field in 1944-5 was-$19,500
the cost of new cement-linedtubing then being used.
to $5.37/ft. (&l)

states that the expense of drilling an old well
frequently is almost as much as the cost of drillinq

a ww well. In advocating acidizing and good maintenance it is there indicathd
that the cost (in 1951) of pulling tubing from an old well and cleaning it out
with cable tools might be $4,000-5,000which in the 3400t wells under discussion
amounts to at least $1.42/ft. (ENR= 650).

Assuming however that an old well was reconvertedat a cost.the average
of the above two namely $3.35/ft., the resulting savings in injectioncosts for
a 6,000$ well at 260 psi and 2000 Mgd would be $.00435/Mg. However, conveyance
of this quantity as shown on Figure 4-5 costs $.0064/Mg mile. This means that
to just break even on the above scheme one would have to be fortunate enough to
find an abandoned well within three-quartersof a mile of the plant site. Even
in the most favorablecase, that of a 12,000’ well, the old oil well would have
to be within two miles of the plant site.

In other words, under these conditions conveyance is so much more
expensive than injectionthat the saving by use of an abandoned well is soon
eaten up in conveyance costs.

At 20 Mgd and 6000V the picture is a little more favorable, the
break-even point being at about 10 miles. This is not to be taken too literally
however, for as shown in Table 4-3 a considerablecorrection factor must be
applied to our conveyance figures when they are used for such short distances.

Without working OUt every case in detail it appears quite unlikely that
any general benefit can be looked for in the use of abandoned oil wells as in-.
jection wells except in the rare instanceswhere one happens to exist on the
plant site.
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Effect While conveyance to make use of an abandoned oil well is not
of very attractive it is quite conceivable that a process may
Conveyance be forced to conveyance for lack of an injectionwell site

on the plant grounds. If it is necessary to convey the waste
to a nearby injection site the conveyance costs rapidly be-

come a major share of the total cost. The following table shows this. It is cal-
culated on the basis of 2000 Mgd and applying the cost increases for short hauls
as obtained from Tnble 4-3. (Note that this is the only place in this report
where the short haul correction is made).

TAELE -1

Miles o 2 5 10 20 50
—....-..—.--+-.,.%...,,___w —.. .W;... ..................-~..,,.

Cost of Conveyance
and Injection$/Mg “038 .076 .118 .166 .242 “483

The advantages of injection are soon lost if it is necessary to convey even a
short distance.
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PRKESS XI: EVAPORATE TO SATURATION,CONVEY, AND INJECT

This chapter was originally intended to cover the possibility that
though neither use of an abandoned oil well nor evaporationprior to injection
when used singly could reduce the cost of Injection,yet possibly both to-
gether might do so. However, in the previous two chapters it has been shown
that conveyancewill cost ❑ore than the saving in injection,and evaporation
will also. Needless to say therefore, it is arithmeticallyimpossiblethat
both together can reduce the cost since either the conveyanceor the evapora-
tion must be done on the original amount of waste.
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PR~ESS XII: DISCHARGE TO F1.00DINGSTREAMS

Total Potential - Upstream Reservoirs -
Downstream Reservoirs - Legal Problems

The technicaloperation and the cost thereof have been developed
in Chapter 8. However, there are many ramificationsof a policy nature
between the operation and the process. The setting of the ultimate social
policy governing discharge of saline water conversionwastes to streams is
something that will certainly take many years of social and political action.
Some salient points however may be brought out here as a guide to policy.

Total In the first place it should be pointed out that the total
Potential capacity for assimilatingwaste salts is possibly not very

great. Our example showed that the Canadian River at Amarillo
might assimilate in its flood flow the equivalent of one good sized water con-
version plant at Amarillo. It could not assimilate the wastes from another
such plant until the additional flood flow from drainage area downstream has
built up a volume of flood flow equal to that appearing at Amarillo. The
drainage area above Amarillo is 19,287 square miles. An additional 19,W
is not added to the Canadian River drainage area prior to the entrance of
the North Canadian at Wetumka, Oklahoma. However, the runoff is probably
higher as one travels downstream (east.).The flow of the Canadian River in
1952 did not reach double the flow at Amarillo until spmewhert-between Bridge-
port, Oklahoma and a point just above the entrance of the Little River near
Calvin, Oklahoma where the flow was about three times that at Amarillo. 13ridge-
port is about 200 airline miles from the Canadian River at Amarillo and Calvin
ahout 340 miles. As a matter of fact, the flow at Bridgeportwas less than at
Amarillo and the concentrationwas ahout the same. Assuming that the flooding
characteristicscorrespondwith the average daily flow, wastes from another
saline water conversionplant could not be discharged into the Canadian River
until at least 200 miles from the one at Amarillo. If this should be typical
of the entire arid region (a subject which has not at all been explored herein)
it would mean that such waste dischargingoperationsmight be limited to one

n for each several thousand square miles of territory. Nevertheless,discharge
to flooding streams is one of the cheapest disposal methods and therefore should
be considered further, especially if a more detailed analysis shows that the

* process is of more general applicationthan on the Canadian River.

Upstream One of the criteria of interest.is the existence of upstream or
Reservoirs downstream dams for storage purposes. If there is an upstream

dam for containmentof flood flows, then presumably there will
he a regulated release and no flood flows will pass the dis-

posal site. If there were no evaporationfrom the upstream dam the concentra-
tion passing the disposal site would be the weighted average concentration without
the dam. This would be lower than the average “normal” concentrationand the
st.re.nmwould have the same capability for assimilatingsalts as without the dam.



In fact, under these circumstances it would be possible to eliminate the waste
storage because waste could be discharged into the river every day rather than
waiting for flood flows.

Evaporation from the dam however, especially in arid regions, and from
the ever- normal river, might be enough to raise the average concentrationof the
released water higher than the “normal” conrcmtration. In that case the rationale
of the proposed system for determiningpollution limits falls down and it.becomes
a question of how much more salt load the river can stand and who is responsible
for it -- the dam or the conversion plant.

Downstream The question of downstream storage reservoirs is even more in-
Reservoirs teresting. Consider the case where the brackish water being con-

verted is taken from the river into which the wastes are to be
discharged. This means that all the salts which are returned to

the river in the waste were originally present in the river. No change has been
made except that a certain amount of water has been extracted from the river
thus concentratingsomewhat the salts present. The average flow of the Canadian
River at Amarillo in the years shown in Figure &l is about 150 cfs corresponding
to about 100,000 Mgd. Thus the largest plant under consideration,2,000 Mg~would
increase the salt content by only a few per cent if the plant feed were taken
from the river. A delicate point thus arises, which probably could and will be
argued in much greater detail, namely dfiestaking pure water out of a river con-
stitute pollution? It should be pointed out (20-1) that doing this is no
different from damming up and using the water of a fresh water tributary to a
brackish water stream. Such a dam removes water from the brackish river or
rather prevents its mixing with the brackish river, and results in the same
end point as saline water conversion from the river water.

In any event the system of dischargingwastes from river water con-
version plants will result in higher concentrationsin the downstream reservoir.
The amount of increase in concentrationdepends on the relative capabilitiesof
the plant and the river and the importanceof the increase in concentration
depends on the increase resulting from evaporation in the downstream reservoir,
In our Canadian River examples the downstream river had an average of 1170 ppm
compared with its undisturbed average of about 700 ppm.

Effects of a different order of magnitude occur when it is proposed
to convert brackish ground water or brackish water from sources other than the
river and discharge the resulting wastes into the river. In this case the
total amount of salts in the river is increased in the absolute sense as well
as in concentration. This is the case for which the operation in Chapter 8
was calculated. As there indicated,some reasonable limit may be chosen for
concentrationand the stream can assimilate a certain amount of added salts
within that limit. However, if there is a downstream storage reservoir, then
serious trouble may arise from the added salts. For example, some cities
taking water from reservoirs in arid regions have to resort to softening.
The effect of an upstream saline water conversion plant discharging a hardness
constituent into the river would be to increase the softening coats for the
downstream municipal supply, Presumably the increase in costs would be a
reasonable charge against the plant operation.
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l,egal The whole problem of disposal to flooding streams is complicated
Problems not only by the technical factors but also by legal matters,

property rights, water rights, and the attitudes of the numerous
local enforcement agencies. Initially in this study it was

intended to explore some of the legal aspects of especially this process. The
attempt was abandoned for the following reasons:

a. It is very difficult to obtain opinions from the enforcement
agencies concerning events which have not yet happened.

b. Many pollution control laws and concepts concerning the limits
of pollution are in a state of flux.

c. The problem, if it becomes anything but a quite local problem,
is of such importanceand magnitude that some basic philoso-
phies of pollution and anti-pollutionmay have to be changed to
accommodateit, Stated directly, this means that in semi-arid
regions mankind may have the choice between ~ -~fi

-tiJULMilL&ZhLll&~* or--~~
~mSil.lLU31iR.LtiLll.9 W*

This study has shown that discharge to flooding streams promised to
be a low cost method of disposal, It is lower than any other method except
injection and lower than injectionmethods except at high capabilitiesand low
horsepower requirements. These judgments are only preliminary and semi-
quantitativebut they are an indicationthat discharge to flooding streams must
be given serious considerationas a disposal means despite the pollution
problems which it generates. The projections of this study reach into the
next century. While pollution may be a sin against nature, uselessness is also
a sin against nature and within the next century some general compromise be-
tween the two must be reached.

* ** ** ** ** * * ** * * *

REFERENCES
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US!W,L BY-PRODUCTS

*

While relegated to the final chapter, the first thought that comes to
mind, especially to the layman, in consideringdisposal of saline water conver-
sion wastes or any other wastes is whether the waste material cannot be developed
into a useful by-product. This idea is particularlyprominent in saline water
conversionwaste thinking because the wastes are not the noxious substances
ordinarily in that category but are rather simple mineral salts to which in oth~r
forms some value attaches.

The subject has been relegated to the final chapter in this study
because essentially it is not a part of the study. If it is possible to take
some of the saline water conversionwastes and process them further in some way
to yield useful products then this operation is no longer part of the waste dis-
posal problem but becomes part of the manufacturingprocess itself. Resulting
from that manufacturingprocess there may or may not,be ~ultimate waste for
disposal. It is only the disposal of this final waste which is considered in
the present study. Investigationof the utilizationof the original waste
involves entirely new problems.

Nevertheless,some utilizationmethod which took all of the primary
waste would indeed completely eliminate the ultimate waste disposal problem.
Secondly, while major attention up to the present has been concentratedon
economic saline water conversion process it is possible that some useful by-
product from the primary waste might also yield a profit thus reducing the net
cost of waste disposal, and allowing the use of some disposal methods now out
of economic reach, or allowing the placement of saline water conversion plants
in locations not economic otherwise. In these senses the problems of waste
utilization and waste disposal impinge on one another.

Finally, it may so happen that one of the operations used in the
ultimate waste disposal process may put the waste material in a form more
suitable for by-product utilization. In this aspect the two problems def-
initely intermeshand this is the only aspect considered in the present
study.

Attention therefore is particularlydirected to those materials
which are now extracted from brines, saline waters or sea waters. Among these
are magnesium, bromine, iodine, chlorine, sodium carbonate, sodium hydroxide,
sodium sulfate, borax, potash salts and a number of others. Where a more con-
centrated form of the raw materials for these substances is of advantage in
the process there may be some economic benefit,in utilizing saline water con-
version wastes.

As described earlier, most saline water conversion processes do not
greatly concentrate the feed material. Most of the processes seem to be limited
to a doubling of the concentration: one of them is apparently economic at a
five or six fold increase. Throughout this report it has been generally
assumed for calculatingpurposes that the salts in the brackish wat@r are sodium
chloride alone. However, of course, there is a great variation in the composition
of dissolved solids in natural waters.
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Off hand, without the more serious study which probably should be
given the subject,,it would appear that little advantage is to be gained, by
the concentrationfactor available.from saline water conversionprocesses
themselves in the production of the heavy chemicals ordinarily obtained from
saline brines. For, from brackish waters, the,concentrationof total dissolved
solids cannot be expected to rise beyond maybe five or six per cent. The brines
used for heavy chemical production (sodiumcarbonate, sodium sulfate, potash,
borax, etc,) are among the cheapest chemical raw materials and are readily avail-
able in concentrationsup to saturation of 25-35 per cent. It therefore appears
likely that establishmentof a plant to process the relativelyweak waste brines
of saline water conversionplants for heavy chemicals would be quite uneconomic.

of more interestwould be the utilization for heavy chemical production
of the saturated brine produced by those processes of this report involving
evaporation to saturation. Such a utilization if economic would add an additional
advantage to the processes involvingevaporation to saturation in that credit
could be taken for the by-product..Without considerable further study of specific
instances the general economic possibilitiescannot be stated. The first thing
that comes to mind is that the saturated brines so produced contain a variety
of constituentsother than the one probably desired for manufacturing. Purifica-
tion of the typical saline water conversion evaporatedwaste to yield a quite
pure saturated N:Cl,;olutionsuch as is needed for chlorine and caustic manufac-
ture would probably be economicallyprohibitive. Similarly the removal from the
average natural water of scaling constituents (especiallyCa and Mg) such as has
already been accomplishedby nature in the saline deposits of the arid west would
also probably be uneconomic. Nevertheless, the subject might be worthy of in-
vestigationby the interestedparties.

Of more interest is the possibility of recovering some of the minor
constituents from the solar evaporated brines, Such brines are more amenable to
this exploitation for two reasons:

a. The conventional raw materials for these minor constituents such
as bromine, iodine, magnesium already are highly‘contaminated”
with other saline materials and thus the present processes are
more on an economic equality with that which would be used for
treating the conversion brines.

b. Not a small part of the costs of extracting these minor materials
comes through the necessity for handling tremendous quantities
of brine, The extraction of magnesium, for example, involves
the handling of at least EK)Otons of sea water per ton of mag-
nesium produced. Extraction of bromine involves handling at
least 16,000 tons of sea water per ton of bromine.

As raw materials for these minor elements it might be advantageous to
utilize evaporated conversion plant wastes which might concentrate the solids
as much as a hundred fold, Todine extraction may be taken as an illustrative
case. Initial extraction of iodine from oil field brines in this country was
in [ouisiana where the brine contained about 35 ppm, Iodine is now extracted
from ~alifornia oil field brines having concentrationsof up to 75 ppm (21-1).
The iodine content of the California brines appears to have no relationship to
the sodium chloride content which is about the same as that of sea water. If
brines of this quality were used in the saline water conversion process for the
manufacture of water and then the wastes were evaporated to saturation of the
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major const,ituen~the potential concentrationof iodine would be around 700 pprn.
It is quite likely such a brine would be an economic raw material for iodine
manufacture.

But, while this might be fine for iodine manufacture, it would be of
little importancefor saline water conversionwaste disposal. The total quan-

tity of iodine consumed in the United States is in the neighborhood of two
million pounds per year. This much iodine is annually present in about 10,000
hlgdof a 70 ppm feed water. This means that less than 3 typical (1:1 product~
to~waste ratio) plants of the highest capacity considered in this study (2,000
Mgd) would be able to saturate the national market with iodine if they operatedon
a feed containing 70 ppm 1. While the profits from iodine sales might hel~ the
waste disposal or water conversion picture in a few plants it could not under
present circumstancesbe any solution for the general problem.

The same sort of arithmetic applies to the manufacture of other
chemicals includingheavy chemicals from the waste brines. For example, the
current consumption of chlorine in the United States is something of the order
of two million tons per year. This amount of chlorine could be obtained from
the wastes of conversion plants supplying a city of 760,000 people from a
10,000 ppm NaCl feed at the average western municipal and industrialconsump-
tion of 287 gallons per capita per day. This means that supplying the water for
a city of less than a million people would supply all the chlorine for the re-
maining 159 million.

For these reasons, although it is highly recommended that the subject
be studied further especially for the promotion of the first commercial water
converting plants it is obvious that by~product utilization is not the general
solution to the waste disposal problem per se.

* * * ** * * * * * ** **
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